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Summary of the Thesis
This project was an attempt to develop a simple technique 
which could detect the potential of healing of the skin if 
an amputation is performed in an ischaemic limh.
This would help the surgeon to decide the level of amputation 
which would heal primarily, minimising the number of failures.
In the first few Chapters, historical aspects, amputation, 
prosthesis, circulation and microcirculation are described. 
Haemodynamics, microcirculation and physiology of nutrition 
in the limh are discussed in detail.
Various investigations to detect the nutrition/circulation 
of the limb and procedures to improve the circulation are 
analysed and discussed.
The proposed method is based upon the principle that oxygen 
which under special circumstances diffuses out through the 
skin is highly correlated with the oxygen present in the 
cutaneous tissues. It is suggested by the author that this 
oxygen level indicates the healing capability of the tissues 
since the healing is related to the availability of the oxygen. 
The instrument used for this project is the TCM 1 TC oxygen 
monitor and the Clark type electrode developed by Radiometer, 
Copenhagen, Denmark. This instrument is, at present, being 
used for monitoring arterial oxygen levels in infants and 
premature babies suffering from respiratory defficiency. The 
oxygen which is diffused out, is highly correlated to the 
arterial oxygen level and is displayed in numerical form in 
the monitor (mm Ilg).
TC pO^ (oxygen tension measured transcutaneously) measurements 
were carried out on ischaemic limbs. The results of the 
treatments were correlated with the previously recorded TC p02 
values, which were not taken into account in deciding the line 
of treatment by the surgical team.
The TC pO^ values were also recorded on the volunteers and a
comparative study of TC pO^ values on ischaemic and non 
ischaemic limbs (volunteers) was made.
It was noticed that TC p02 values reduced as age advanced 
and these values further reduced as the ischaemia increased.
It has been inferred that TC p02 values give a good idea of 
healing potential of the wound if an amputation is performed. 
The ratio of TC p02 value at the ischaemic site with the con­
trol site (infra clavicular region on the chest wall) which
has been termed as "Healing Index” by the author is a better
representation of the healing potential of the amputation 
wound and can be a good guide for deciding the level of 
amputation which would heal primari^.
The investigation can also be used for comparing the results 
of treatment on ischaemic limbs. The effect of praxilene was 
examined and it was found to be helpful in cases where the 
decision for amputation was controversial. It improved the 
nutrition of the ischaemic limb specially when it was at a 
critical level.
It was also observed that oxygen inhalation at the rate of 
4 litres per minute by a face mask improved the availability 
of oxygen to the peripheral tissues. It appears that this
simple procedure may change the result of amputation. This
requires further investigations.
In the end a few improvements in the instrument have been 
suggested and other applicabilities of TC pO^ values have 
been described.
The experimental procedure has been simplified and has been 
handed over to the Limb Fitting Centre and the surgical team 
of Queen Mary’s Hospital, Roehampton, London. The estimation 
of TC p02 values are now being carried out routinely on 
ischaemic limbs as an adjunct to the clinical assessment to 
help the surgeon when deciding the level of amputation.
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Abbreviations
Confusion may arise when symbols are used. To avoid confusion the 
abbreviations used in the thesis are given below:
AK Above knee
Amp Amputation
Ant Anterior/Anteriorly
BK Below knee
BK(a ) Below knee anteriorly
BK(p) Below knee posteriorly
e.g. for example
exam examination
Fig Figure
Heat input energy input in mW
i.e. that is
(L) left
02 oxygen
(p ) Praxilene (naftidrofuryl)
PaC>2 Partial pressure of oxygen in arterial blood,
oxygen tension in arterial blood (mm Hg)
P02 Partial pressure of oxygen, oxygen tension (mm
Post Posterior
(R) Right
(S) Surgery
SoD. Standard Deviation
Site Site of TCp02 recording, site where the
electrode is fixed
TC p02 Partial pressure of oxygen measured
transcutaneously, oxygen tension measured 
transcutaneously (mm Hg)
Temp Temperature
Reference
References are made in the text by writing the name of the author, 
or first name if the authors are many in the brackets followed 
by the year of publication e.g. (Samuel 1969).
A list of all the references used in the text is given in the end 
in alphabetical order.
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Chapter I
Introduction and objective 
Introduction
Amputation is one of the oldest surgical procedures which was 
even performed in the prehistoric age. It was later realised 
that lack of circulation which results in the death of the limh 
(gangrene), and trauma were the commonest causes for amputation. 
It was the duty of the limh fitter to fit a limh to the stump 
which surgeons produced, hut gradually as the awareness increased 
surgeons also became equally responsible for producing a stump 
which should suit the modern prosthesis. To achieve this the 
amputation should he performed as distal as possible but consist­
ent with the high likelihood of primary healing, especially in 
peripheral vascular deficiency. This would then offer the best 
opportunity for successful prosthetic fitting and good rehab­
ilitation prospects. This in effect means amputation should 
be done below the knee whenever possible and it is at this level 
that the potential of healing is very critical, healing to a 
great extent being a direct function of adequate circulation.
There are various investigatory procedures to detect the 
circulation in a limb, like Xray examination, angiography, 
plethysmography, Doppler ultrasonic procedures and thermography. 
These procedures give a fairly good idea of the circulation in 
the main vessels and the limb, but do not precisely give the 
nutritional state of the skin which is most important in deter­
mining the surgical success of an amputation since it is assumed 
that in most cases success of an amputation is assured if the 
skin heals adequately. Moreover a good bloodflow to the limb 
does not necessarily indicate the state and nutrition to the 
tissues.
In spite of all these investigations, which are time consuming 
and occasionally invasive, there are significant number of 
failures following amputations, and there is a need to develop 
a fairly simple procedure which although non invasive, should 
give an accurate picture of the nutrition of the skin which has
1
After every failure the surgeon has to perform an amputation at a 
higher level. This causes considerable stress to the patient as 
well as wastage of time and energy at all levels and delays the 
rehabilitation programme.
Ob.j ective
It is a known fact that transeutaneous measurement of oxygen 
tension (TC p0o) gives a fairly good idea of oxygen tension in
Cmi
the arterial blood in infants and new born babies. ^ince we know 
that oxygen is required for healing of tissues, it may be possible 
to know the healing potential of a wound if the amount of oxygen 
available to them is known.
The aim of this project is to explore the possibility of using 
this technique of TC pO^ measurement to determine the healing 
potential of the wound, and decide the level of amputation where 
healing would primarily occur.
TC pOg measurement has been used in monitoring the blood oxygen 
level in infants with respiratory distress syndrome but there does 
not appear to be adequate research in literature,in determining the 
role of this measurement (TC p02) in judging the nutritional state 
of the skin and then deciding the level of amputation.
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Chapter II
History of amputation, prostheses, circulation and 
microcirculation
History of Amputation
Amputation is one of the oldest surgical procedures. There is 
archaeological evidence that amputations were being performed 
even in the Neolithic age. These had been mentioned by Kirk in 
his monograph on development of amputations (Kirk 1945). It 
appears that the amputations during that period were done as a 
part of punishment or religious ritual sacrifice rather than 
with surgical intention. One pair of hands, left and right, is 
still kept preserved in a "Gompha" (Lord Bucdha’s temple) at 
Ladakh, India (seen personally). These belonged to a lady who 
had killed her twelve husbands, one after another and later on 
she was punished by the "spiritual head of the community" by 
amputating her hands (Personal communication with present 
spiritual leader ). There is a mention of amputation and 
prostheses in Riga Veda (1500 - 800 BC), where it is stated 
that artificial eyes, teeth and limbs were fitted (Vitali 1978). 
The earliest study on surgical techniques appear in the Egyptian 
Medical Papyri of the 12th century BC (British Museum). The 
available part deals with the head, neck, thorax and spinal cord.
It is conceivable that some parts must have dealt with amputations, 
their indications and techniques.
During the latter half of the 5th century BC Hippocrates des­
cribed vascular gangrene as an absolute indication for amputation. 
He advocated either waiting for separation to occur naturally 
or amputating at the joint below the boundaries of blackening 
when distal part was fairly dead and had lost its sensibility, 
and advised not to wound the living part. He also referred to 
the use of cautery for haemostasis and preferred the wound to 
be left open to heal by granulation tissue.
Celsus advocated the amputation at the line of demarcation 
between healthy and gangrenous tissue. He operated through 
the viable tissue and divided the bone at a higher level than soft 
tissues. He was the first to ligate the blood vessels for con­
trol of haemorrhage.
From Hippocrates to Celsus amputation was recognised as a treat­
ment of gangrene but by about 100 AD during Archigenes and 
Helidorus amputation became a recognised treatment for ulcers, 
growths, injuries and even deformities.
Ambroise Pare, the renowned French military surgeon of the 
16di century has been called the father of modern amputation.
He reintroduced the ligation of blood vessels and abandoned 
the use of cautery and burning hot oil to control haemorrhage.
He used adhesive strips to keep the edges of the wound together 
after amputation. Apart from reintroducing the teachings of 
Celsus he introduced the concept of sites of election for amputa­
tion. This concept is still accepted today. Young and Lowdham 
introduced,in 1679, the technique of flap amputation which made 
the closure of the amputation wound simple.
The use of tourniquet made amputation surgery easier. Many 
surgeons such as Bottalus and Fabricus Von Hilden in the 
mid 16th century used one or more tight bandages around the 
limb but the credit of popularising the use of tourniquet goes 
to Moral (1674). Petit (1718) used compressive tourniquet and 
Esmarch (1873) introduced the use of rubber bandage as a tourni­
quet which is still used occasionally.
In a survey of 9017 cases collected from the literature between 
1689 and 1876, Kirk reported a mortality rate as high as 83% 
for mid thigh amputation mainly due to shock produced by haemor­
rhage, sepsis and lack of anaesthesia or effective analgesia.
Speed was essential to lessen the shock. Ferguson (1845) could 
amputate the limb within 30 seconds and complete the procedure 
in 3 minutes. Surgeons worked without skilled help. Two 
assistants used to restrain the patient while a third one 
administered the pain relieving drugs and the fourth assisted 
the surgeon during the operation. The sepsis rate was very high 
due to lack of knowledge of asepsis and antiseptics. Dupuytren, 
the French surgeon (1802) while operating wore a dirty white 
apron, superfluously protecting a dirtier pair of trousers, a 
greasy threadbare coat and well worn carpet shoes. Pirogoff (1864) 
operated without gloves. Bigelow's assistants at Massachusetts
4
hospital carried sutures in button holes of their operating 
coats in the 1870’s and as late as the 1880’s would hold 
the sutures in the mouth.
The introduction of safe anaesthesia and knowledge of asepsis 
and antiseptics during the late 19th century had a profound 
effect on the results of amputation.
Before the First World War surgical techniques were somewhat 
similar to the present day muscle flap amputations. These 
operations with muscle flaps however were considered unsatis­
factory because of the difficulty in fitting of the prosthesis. 
The requirement of the limb fitter at that time was a conical 
stump, and the stumps were revised to meet the requirement.
It was during and after World War II that the interest in the 
study of amputations and prosthetics was revived, and most of 
the developments took place during this period.
At present amputation is no longer considered a mere transection 
of the limb, but rather a plastic reconstructive procedure.
The stump is fashioned in such a way that it acts as a dynamic 
sensory and motor organ. For the fitting of a good modern 
prosthesis a good stump with adequate length is needed. Pre­
operative assessment of tissue viability at the proposed 
site of amputation and myoplastic surgical techniques have made 
it possible to achieve adequate length of stump especially in 
ischaemic limbs. One of the best examples of this is the long 
posterior flap technique for below knee amputation developed 
by Burgess (Burgess 1969).
Improved post-operative management by CET (Controlled Environ­
mental Treatment) has reduced the percentage of post operative 
complications considerably (Redhead 1978 ).
The Endo Skeletal permanent prosthetic attachment may become 
a reality one day.
History of Prostheses
Although there is little record available about the use or
5
design of artificial limbs before the 15th century, it is 
certain that man has always used some kind of artificial means 
in an attempt to restore function or appearance of severed limbs. 
In the ancient Talmud several references are made to artificial 
limbs and pylons.
In the 5th century BC Herodotus recorded that Hegistratus of 
Elis, who was chained up to die after he was taken prisoner 
by Spartans, escaped by freeing himself by amputating his own 
foot that was chained. He was recaptured by the Spartans and 
this time it is recorded that he was using a wooden foot.
It is recorded that Marcus Sergius, a Roman General who lost 
his right hand in the second Punic War (218-201 BC) was fitted 
with an iron hand.
One of the oldest prostheses in existence was on display at 
the museum of Royal College of Surgeons which was destroyed 
by a bomb explosion during World War II. It was unearthed in 
an ancient tomb in the city of Capua in Southern Italy and was 
thought to have originated about 300 BC (Samite war). It was 
made of wood reinforced by bronze, leather and iron. Probably 
the best known of all antique prostheses was the artificial 
hand worn by the knight Goetz Von Berliehingen (1480-1562) who 
lost his hand in the siege of Landshut (1509) in Bavaria and had 
a most ingenious artificial hand constructed for himself.
The makers of artificial limbs during the early centuries were 
makers of armour, cuirasses and swords as is apparent by a 
16th century rigid leg made of iron in semiflexed position 
intended to be worn by a knight on horseback. The Alt-Ruppin 
hand found in 1800 along the River Rhine is preserved in the 
Stilbert Collection and is dated about 1400 AD. It is made of 
iron with a rigid thumb.
Simple wooden peg legs are known to have been used in early 
times. Illustrations of such peg legs are seen in the mosaic 
of the Cathedral Lascar in France.
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Arabroise Pare (1510-90) was probably the first to recognise 
prostheses as a natural supplement to surgical amputation. He 
developed numerous prosthetic devices including some very 
ingenious artificial legs, and is thought to be the first man 
to design a truly jointed leg prosthesis. Descriptions and 
drawings of artificial legs and arms described by Pare, although 
crudely made, contain many of the essential principles of 
present day prosthetics.
Verduin (1696) produced the first artificial limb for below knee 
amputees which had a leather socket, thigh corset as well as 
articulated side steels. The simple wooden "clapper leg" was 
probably introduced by Grossmith (1750) who was working in 
London. This name was given due to the sound it made while 
walking. Near the end of the 18th century Gavin Wilson of 
Edinburgh constructed an above knee leg which had a flexible 
knee joint and was suspended by a strap on opposite shoulder.
This prosthesis is thought to have been constructed with an 
ischial seat.
According to Herrmann (1865) the first true knee mechanism was 
invented by Pierre Ballif of Berlin between 1813 and 1815.
He incorporated swing phase control in the form of six vertical 
spiral springs fastened between shank and thigh. The limb also 
had an automatic knee lock.
In 1816 a leg was constructed and patented by James Pott. The 
knee and ankle movements were co-ordinated by means of artificial 
tendons. It was fitted to Henry William Paget,the Marquess of 
Anglesey, who lost his leg at Waterloo and so this type of leg 
became known as the "Anglesey leg". This limb was used extensive­
ly in the UK until the 1st World War, some being still in use.
In 1846 the "Palmer leg" was constructed by Benjamin F Palmer.
He used catgut cords and an anterior spring to regulate the ankle 
joint. This limb was awarded first prize at the World Fair in 
London in 1851.
In 1858 Douglas Bly invented and constructed a leg with ball 
and socket type of ankle joint by using an ivory ball in a 
vulcanized rubber socket with the intention to allow movement of
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inversion and eversion when used on uneven ground.
During the same period A A Marks introduced the use of the rubber 
foot to imitate the ankle movements. He also developed and 
constructed a mechanism with the help of cords to ensure full 
extension at knee on heel strike simulating the natural movement.
J E Hanger in 1861 developed the cordless ankle and the present 
day articulated ankle is virtually the same as the one he designed.
Dubois D Parmell in 1863 invented the suction socket. He incor­
porated a knee unit with two rollers and a concave piece of steel 
fitted over them and it was claimed to have a variable friction 
system.
Herrmann in 1865, was the first to use aluminium in place of iron 
for the construction of the prosthesis.
In 1885 Heather Bigg of London wrote a text book on "Amputations 
and Artificial Limbs". He emphasized the importance of align­
ment and mentioned the anatomical basis of placing the axis of 
knee joint on the prosthesis posterior to knee centre. He also 
described proximal weight bearing at upper tibial portion for 
below knee prostheses (Bigg 1885 ) .
In October 1917 Surgeon General of the United States Army invited
the limb makers of the United Kingdom to come to Washington for 
the purpose of discussing the problems of supplying artificial 
limbs to war veterans. This meeting contributed more to the 
development of science of prosthetics than any other occurance 
in history (Thomas 1945 ) .
During the early years of this century increased emphasis was 
given to the stability of the knee in above knee prostheses. 
Schaefer (1917) designed a load-actuated lock. Lange, Fleming 
and Hildebrand (1918) improved positive locking of the knee 
already described by Ballif. Schlessinger (1919) described the 
mechanism of locking the knee by using heel movements and body 
weight. Schede (1917) incorporated a brake at the knee actuated 
by dorsiflexion of the foot. He also gave the idea of poly- 
centric knee used at present in the form of four bar linkage.
Major progress in prosthetics has taken place during the last 
30 years. Principles of biomechanics are now better understood 
and their application has been well recognised. Better types 
of materials are being developed and used every day. This has 
resulted in improvements in all aspects of the prostheses.
The incidence of stump problems connected with the suction 
socket, were greatly reduced by the total contact and total 
surface bearing sockets (Redhead 1973 ) .
Blatchford's stabilised knee, developed by Blatchford & Sons 
Limited and Otto Bock safety knee systems are being used 
routinely in the United Kingdom since 1956, depend upon body 
weight operating a brake at the knee joint. Both these units 
have contributed towards safe walking with a free movement at 
the knee with above-knee prostheses.
More sophisticated knee mechanisms with both stance and swing 
phase control improved the gait of the amputee and also made 
the use of prostheses near natural.
Since 1959, when Radcliffe and Foort published the work of the 
California University on patellar-tendon-bearing below knee 
prostheses, this type of limb has become the prosthesis of 
choice throughout the world for below-knee amputation 
(Radcliffe 1961).
Development of better alignment and fitting tools, plaster 
casting and pressure casting techniques (Mathur 1977) have 
tremendously improved the results of prosthetic fitting.
Highly skilled professionals in medicine and engineering and 
allied disciplines are now coming closer to each other and the 
"clinical team concept" of patient care with all disciplines 
involved in this challanging field has produced gratifying 
results (Vitali 1969 ) .
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History of circulation and microcirculation 
Through injuries and warfare, with resulting wounds and 
bleeding, people even in primitive society developed the idea 
that warm blood was necessary for life.
Charak and Susruta during the 6thcentury BC are reported using 
pulse at the wrist to obtain an indication of heart action. The 
old Egyptian notions about the heart and blood vessels were 
the most sophisticated of those of the ancient people. Detailed 
description of the heart and its function is mentioned in Ebers 
Papyrus.
Hippocrates (460-375 BC) developed the concept that health 
depends upon a balance of four humors, hot and moist blood was 
considered to be the most important.
Aristotle (382-322 BC) observed that the first thing to show 
life was a beating heart.
Galen (131-201 AD) founded experimental physiology and showed 
that arteries contain blood. He described that blood contained 
'nutritive spirits' necessary for nourishing all parts of the 
body. He advocated blood letting for treatment of many diseases.
An Arab physician, Ibn-al-Nafis (d 1289) discussed the pulmonary 
circulation anatomically and indicated its function of cooling 
the blood, putting air into it and removing fuliginous vapours. 
Realdus Colombo (1516-1559) also described pulmonary circulation 
and claimed that blood mixes with air in the lung instead of in 
the heart as held by the Galenical doctrine.
The idea of microcirculation was initiated by William Harvey (1628) 
in his essay on movements of heart and blood in animals. He 
described that blood from the artery to the vein passes either 
directly by anastomosis or through the porosities of the flesh. 
Marcello Malpighi in 1661 studied the lungs and mesentery 
of the frog and observed small channels connecting the arteries 
and veins. His reports are accepted as being the first descrip­
tion of capillaries.
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Van Leeuwenhoek in 1688 described pulsatile blood flow in 
relation to heart beat, red and white cells and continuous flow 
between arteries and veins. He noted that blood cells were 
flat and oval and they became ’long ovals' in capillaries, 
which do not have any pulsations.
Stephen Hale (1733) described the diameter of blood globule as 
being inch and the diameter of capillary j^ttq inch. He
also described contraction and relaxations of small vessels.
Magendie during the early part of the 19th century discussed 
the importance of blood in the transport of nutrients . His 
pupil Claude Bernard described vascular nerves and the function 
of vasoconstriction and vasodilation in regulating blood flow of 
various parts of the body.
In 1831 Marshall Hall described precapillary, capillary and 
postcapillary vessels and also described that true capillary 
vessels had a nearly uniform diameter unaffected by subdivision 
or conjugation and they differed from the vessels that supplied 
them and collected from them.
While quantitative analysis of blood gases had been made in 1837 
by Heinrich Magnus, it was Eduard Pfluger who explained the 
respiratory changes which occur between blood and tissues as 
blood circulates. Starling, in 1895,described the filtration- 
absorption mechanism in capillaries, which is even accepted 
today (Starling Hypothesis, Folkow 1971 ) .
August Krogh discussed the microcirculation in his book "The 
Anatomy and Physiology of Capillaries" published in 1929. He 
described that ’capillaries constitute the most important part 
of the whole circulatory system, the area where exchange of 
materials take place’. He also described the deformation of red 
blood cells passing through capillaries that are 4-5 microns in 
diameter, irregularity of rate of flow and direction in single 
capillaries, and stasis, in which corpuscles lose their identity.
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They resume the normal size and shape when they are swept away 
into flowing blood. He also described that the capillaries are 
contractile.
In 1923 Royle and Hunter in Australia performed the first 
lumbar sympathetic denervation in a man and noted warmth in the 
leg and dilatation of skin capillaries. Their report stimulated 
Adson and Brown to develop lumbar sympathectomy for patients 
for vasospastic disorders of the extremities.
By 1960 the anatomy of capillary network was established and 
more time was spent on the functional aspect of microcirculation. 
Majno et al (1961) with the help of electron microscopy studied 
the responses of vascular bed to endogenous materials. They 
noticed the endothelial leaks and greater permeability was 
found in the venous blood vessels. They also mentioned that 
real delineation between capillaries and venous vessels could 
not be made out.
Bloch (1962) with the help of high speed cinephotography des­
cribed axial flow, the plasma layer, and the shape as well as 
the velocity of cellular components in a rapidly moving system.
Brane Mark (1968) described the microcirculation and its 
relation to reduced or blocked blood flow and clarified the 
effect of stasis on the endothelial cells that line the blood 
vessels and the response of red and white cells and platelets 
to static conditions.
At about the same time C A Wiederhielra (1968) explained the 
mechanisms involved in fluid exchange at the capillary level 
and the maintenance of proper equilibrium between the fluid 
contained in the closed vascular system and open interstitial 
space.
History of investigatory procedures to detect circulation 
Various investigatory procedures have been developed to find out 
the circulatory state of the ischaemic limb since is was realised 
that adequate circulation was vital in healing of the wound
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following amputation surgery.
Thin film flow meter was developed by Ling et al (1968). The 
films form one arm of a self-balancing Wheatstone bridge.
The exchange of heat from film to the blood cools the film with 
a resulting decrease in the film resistance which is detected 
by the bridge and thus blood flow is measured.
Thermal conductivity method for measuring blood flow was derived 
from the heated thermocouple of Gibbs (1933) and Grayson (1952) 
who explained that direct readings of thermal conductivity could 
be made. Hensel and Bender (1956) designed a probe to measure 
the skin blood flow based on these principles.
Any object at the temperature above absolute zero emits energy 
in the form of a spectrum of electromagnetic waves Barnes 
(1963, 1968) described that areas of skin that have normal blood 
flow have normal skin temperature and present a pattern of infra­
red radiations emitted by skin surface. Changes in the blood 
flow affect the skin temperature and can be detected by a change 
from base line thermographic pattern. Samuel (1970) discussed 
the use of thermography in study of circulatory disorders and 
Evans et al (1976) used thermography to study arterial obstruct­
ion in lower limbs.
Fabre (1932) suggested that blood flow could be measured using 
electromagnetic flowmeters. Kolin (1936) Wetterer (1937) and 
Khouri and Gregg (1963) developed electromagnetic flowmeters to 
measure the blood flow in vivo in carotid artery, aorta and 
coronary arteries.
Magnetorheography was attempted to measure blood flow trans- 
cutaneously by Osainu Okai, Togawa, Oshiraa (1971), and Radio­
frequency Coil system was utilised by Aisenberg (1970).
In 1842 Doppler stated that when observed from a static position 
the frequency of sound emitted or reflected from a moving object 
varies with the velocity of the object. This principle, 
called'Doppler's effect’, was first used for blood flow measure-
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ments by Satomura (1957). Satomura and Kaneko in 1960 des­
cribed a non-traumatic method of studying instantaneous blood 
flow in peripheral arteries in man. Franklin (1961) developed 
an ultrasonic flowmeter based on Doppler’s effect.
Plethysmography was originally developed by Glesson (1622) and 
Swammerdam (1737) to prove the isovolumetric contractions of 
isolated muscle. Hewlett and Van Zwaluwenberg (1909) used 
this technique in the extremities in man, thus making it 
possible to record the calf and digital blood flow. Winsor (1957) 
described segmental plethysmograph. The principle of the 
'mercury in rubber' strain gauge plethysmograph was described 
by Whitney (1953). Figar (1959) described a frequency modulated 
capacitive plethysmograph in which volume changes are detected 
without a restraint on the limb. Fewing and Whelan (1965) im­
proved the technique.
24Hickmann et al (1966) used Na and measured the alteration of 
blood flow caused by pressure.
Sejrsen (1967) developed the technique of measuring the skin
133blood flow by epicutaneous application of Xe . Xenon is
removed from the surface of the skin by venous drainage and its
133clearance rate can be measured. Daly et al (1976) used Xenon 
labelled saline to measure changes in uptake by microcirculation 
in skin response to pressure.
The first measurements of oxygen tension in animal tissue were 
carried out by Davies and Brink in 1942. Montgomery and 
Ilorwitz (1950) used modified form of electrode used by Davies 
for measuring the oxygen tension in normal, vasodilated and 
vasoconstricted skin and in the skin of patients with an 
arterial occlusion.
Blood flow measurements are described in greater detail in 
Chapter VII.
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Chapter III
Current trends in amputations and prosthesis
There was a time when the main aim of a surgeon was to save 
the limb by all possible means and perform the amputation 
only as a last resort. It was, therefore, an acceptance of 
failure. During the period when the surgeon made all his 
attempts to save the limb, the patient suffered and was in 
pain, and all he got at the end was - an amputation.
The present trend has altered so as to perform amputation early 
to relieve pain and suffering, but, of course, after reasonable 
attempts have been made to save the limb. The patient is then 
provided with a suitable prosthesis to restore function and 
appearance.
Amputation is today considered not just a simple ablation of the 
limb but rather a constructive procedure designed to produce a 
new organ of locomotion in assocation with modem prosthesis so 
as to enable the amputee to be as near normal as possible and 
to remain an active member of society.
In England the annual report of Chief Medical Officer of the 
Department of Health and Social Security shows 5425 new amputees 
in 1980 (Department of Health and Social Security report 1980 ) .
The reasons for amputations have been described as follows:
Vascular (including diabetes) 4491 82.78%
Trauma 525 9.68%
Malignancy 255 4.70%
Deformities 51 .94%
Others 103 1.90%
Total 5425
These figures indicate clearly that vascular disease is the 
commonest cause for amputation.
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The annual report also shows the age distribution as follows:
Age (years) Number of patients Percentage
0 - 9 40 0.74
10 - 19 167 3.08
20 - 39 310 5.71
40 - 59 957 17.64
60 - 79 3300 60.83
Over 80 651 12.00
It can be seen that 60 - 79 age group contributes the highest 
number of amputees. It can therefore be inferred that as the 
life span increases the number of amputations due to vascular 
causes also increase, vascular diseases being predominantly the 
diseases of old age group.
The life expectancy of these patients is relatively short. A 
series of 123 patients was reported by Devas in 1971. This 
report showed 39% patients died within one year and only 47% 
survived for more than 2 years. It can thus be easily deduced 
that elderly amputees do not form a major group in total amputee 
population. The majority of living amputees are in the age 
group of 40 - 60 years and are active individuals in the working 
age group (Devas 1971 ).
The older average age of the patients suffering from vascular 
diseases accounts also for the higher post-operative mortality 
rate. Kingsley Robinson in his series of 69 patients reported 
46% mortality following above knee amputations (Robinson 1972 ). 
Average age of patients in his series was 72 years. Warren and 
Khin described the mortality rate of above knee amputations as 
28% in their series of 473 patients. Mortality rate following 
below knee amputation however was only 10% (Warren 1968 ). 
Statistics on the causes and number of amputations are usually 
not available from developing countries because their limb 
fitting services are not centralised, the different centres 
being independent of each other. Many of them are privately 
run and do not belong to the State Health Service.
Narang in his report described the details of 14400 civilian 
patients who attended the Artificial Limb Centre, Pune, India
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during the period of 25 years from 1954 to 1978.80% were 
amputees and 20% suffered ortho-disabilities. The majority 
were between the ages of 10 and 40 years. Trauma accounted 
for 67% of the cases. Only 12% of the cases came to the Limb 
Fitting Centre within the first 6 months and 35% after a gap of 
4 years (Narang 1980 ).
This indicates that the younger age group contributes the 
highest number of amputees and trauma is the commonest cause 
for amputation in a representative sample from India.
In the countries where the life span is shorter the commonest 
cause for amputation is trauma.
There is a generalised improvement in amputation surgery and
limb fitting techniques all over the world. At one time the 
amputation was performed only when it was necessary to save the
life, but nowadays, with the changing trends, it is done to
improve the quality of life by relieving the pain and dicomfort, 
and by restoring the function and appearance to as near normal 
as possible by providing the prosthesis.
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Chapter IV
Amputation Surgery
There was a time when the prosthetist was responsible for 
fitting an artificial limb to any stump the surgeon produced. 
Nowadays surgeons are equally responsible for providing a 
stump which, for best results, can be fitted with a proper 
prosthesis. It is now accepted that the stump (living tissue) 
and the prosthesis (hardware) should be fashioned or fitted 
to become as accurately integrated as possible. The design 
and construction of the stump and the artificial limb should 
therefore receive careful consideration in relation to each 
others’ structure and dynamics.
This is a field of shared knowledge, responsibility and under­
standing between the surgeon, engineer and prosthetist.
Ideal Stump
The surgeon must realise that he is going to produce a new organ 
of locomotion, the stump, which should incorporate the necessary 
features to enable it to function as a component part of the 
artificial limb.
The ideal stump should have the following characteristics:-
(a) Shape of the stump should be rounded with well rounded 
distal end. Terminal cut end of the bone should have 
enough muscular padding.
(b) Skin of the stump should be healthy with good circulation 
and normal sensations.
(c) Scar should be supple, non tender and non adherent to 
underlying structures.
(d). Stump should not be tender specially over the weight 
bearing area.
(e) There should be balanced muscle action on the stump; if 
this is not achieved, contracture and inefficient function 
may develop.
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(f) The length of the stump should match the requirements of 
modern limb fitting.
(i) Ideal length of helow knee stump is 5 - 7 inches
(12 - 18cm) from the knee joint.
(ii) Ideal length of above knee stump is 4 - 5 inches
(10 - 12cm) proximal to the knee joint line.
This provides minimum space for incorporating a 
knee control mechanism.
Preoperative Management
The pre-operative stage starts 7 - 1 0  days prior to the amputation 
if it is not necessary to perform the amputation as an emergency 
procedure.
Many of the patients are elderly and may be anaemic, hypo- 
proteinemic or may be suffering from sub clinical deficiencies. 
Routine medical checks as well as control of concomitant diseases 
such as diabetes, hypertension, ischaemic heart condition etc. 
should be undertaken.
The psychological effect of amputation (i.e. disturbance of 
body image, independence, dignity etc.) should be looked into. 
Preamputation counselling to reassure patient on the reason and 
outcome of the amputation, 'is necessary.
An appropriate general physical treatment programme as wrell as 
upper limbs and contralateral leg strengthening exercises 
should be started. The patient should recognise that these 
exercises will be required post-operatively also, and so the 
patient will be mentally prepared to continue with these 
exercises post-operatively. This is an important step toward 
early rehabilitation following amputation.
The amputation wound is always at risk of infection. Anaerobic 
organisms from the bowel can produce gas gangrene or skin 
organisms can be the source of pyogenic infections.
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A preoperative stool culture should he done to check whether 
or not the patient is a carrier. A careful skin preparation 
of the limb should be started 24 hours before operation and it 
should be covered with sterile dressings. Antibiotics may be 
started a day before the amputation. The limb is thoroughly 
scrubbed with antiseptic lotion and wrapped in sterile dressings 
before the patient is taken to the operating theatre.
These are the general principles of pre-operative management. 
Individual requirements can be judged by the clinical team and 
dealt with accordingly.
Amputation Techniques
Amputations are usually performed under general anaesthesia 
unless contraindicated, when a local nerve block or spinal 
anaesthesia is used.
A tourniquet should not be used if the amputation is performed 
for vascular reasons, as the tourniquet may produce further 
damage to already diseased blood vessels (Robinson 1976 and 
Burgess 1968). In all other cases a pneumatic tourniquet 
should be applied as a routine around the proximal part of the 
thigh.
The various surgical techniques for amputation are (i) guillo­
tine, (ii) conventional, (iii) myoplasty, (iv) myodesis and 
(v) osteomyoplasty. The following is a brief description of 
these techniques.
i. Guillotine Amputation - In this procedure skin and soft 
tissue section is made at the same level as the bone 
section. The wound is left open and is covered with 
dressings.
This procedure is considered nowadays as an emergency 
operation only, to be followed by a definitive amputation 
later. It is performed at the most distal end compatible 
with tissue viability. The definitive procedure is later 
undertaken electively to refashion the stump for proper 
prosthetic fitting.
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A circumferential incision about 2 inches distal to the 
proposed bone section is made all round. The skin and 
tissues are divided at the same level up to the bone.
Soft tissues are allowed to retract. Bone is then sawn 
at the level of retracted tissues and the limb is removed. 
Blood vessels are identified and ligated securely. Cut 
surface of the stump is covered with hot packs till complete 
haemostasis is achieved.
The wound is dressed with gauze and cotton wool. Firm 
bandaging is carefully applied without producing a 
tourniquet effect. Skin traction is not necessary since 
the skin section is made about 2 inches lower than the 
bone section. The skin traction was however customary at 
one time, when the bone section and the soft tissue section 
was at the same level, to prevent retraction of soft 
tissues.
ii. Conventional Amputation - The essential feature of the 
conventional amputation is that the muscles are divided 
at the level of bone section with skin flaps fashioned to 
provide wound closure.
Typically equal anterior and posterior flaps are marked in 
a semicircular fashion, the centre of the semicircle being 
at the level of bone section. The incision is made 
sufficiently deep to include deep fascia in the skin flaps. 
Muscles are divided about 1” distal to the proposed level 
of bone section so that on retraction these muscles will 
remain flush with level of bone section. Blood vessels 
are identified, clamped, divided and ligated securely.
Bone section, bevelling and filing of rough edges follow, 
and then the nerves should be pulled and divided with a 
clean cut by a sharp knife so that the cut ends retract 
under the muscles. If the tourniquet has been applied, 
it is removed and complete haemostasis ensured. The skin 
flaps are then sutured in two layers over the cut end of 
the bone. A corrugated or suction drain is inserted inside 
the deep fascia.
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The stump is then dressed with the gauze and cotton wool. 
Crepe bandage should be appliedcarefully. A rigid (POP) 
dressing is preferred by some surgeons.
iii. Myoplastic Amputation - This is a definitive amputation
technique involving primary skin closure. The terminal cut 
end of the bone is covered by well balanced muscle cover 
provided by suturing the opposing group of muscles together 
over the bone end.
For an above knee amputation, anterior and posterior equal 
skin flaps are marked in a semicircular fashion,with the 
centre at the level of bone section, 4-■ 5 inches (10 - 12cm) 
above the knee joint line.
The anterior muscle flap consists of quadriceps muscles 
divided just above the patella. The posterior muscle flap 
is formed by the hamstring muscles divided at the level 
of their insertions. The medial flap consists of the 
adductor magnus, sartorius and gracilis muscles divided 
as distally as possible. The lateral flap is formed by 
vastus lateralis reinforced by fascialata and iliotibial 
tract.
The main vascular bundle is identified, securely ligated 
and divided. The sciatic nerve is identified and pulled 
down by mild traction and then divided by a sharp cut al­
most at the level of proposed bone section so that it 
retracts between the muscles.
The periosteum is divided all round in a circular fashion 
° 1" below the proposed level of bone section. The periosteal
tube is reflected up, the femoral shaft is divided at the 
proposed level and limb is removed. Sharp margins of bone 
rounded off. The cut end of the bone is then covered with 
periosteum.
The limb is kept in a neutral position. The medial and 
lateral flaps are pulled down to restore the muscles to 
their original tension. The muscle ends are divided in 
such a way that they meet at the cut end of the bone. They are
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then sutured together over the cut end of the bone.
A few sutures should be passed through the periosteum. A 
similar procedure is done with anterior and posterior 
muscle flaps.A drainage tube is put in and the wound is 
then closed as in the conventional procedure. The wound is 
then dressed.
iv. Myodetic Amputation - In this procedure all divided muscles 
are attached to the terminal cut end of the bone. The
muscle flaps do not cover the end of the bone which is
covered only by skin flaps.
The procedure is almost the same as for myoplastic amputation 
except that the muscle flaps are shorter in length so as 
to reach only up to the cut end of the bone, and to maintain 
their normal tension when sutured with the bone through the 
holes in the end. The muscles are divided flush with the 
end of the bone after attachment. Drainage tube is put in, 
and the skin flaps are tailored to cover the muscles and 
the bone without any tension.
The stump is dressed in the conventional way.
v. M.yodetic/myoplastic Amputation - This method is the com­
bination of the two procedures. The posterior, medial
and lateral muscle groups are fixed to the cut end of the 
bone flush with its end. The whole of the quadriceps 
muscle group is drawn over to cover the cut end of the bone 
forming a myoplastic flap and is sutured to the surface
of other muscles.
Skin flaps are marked and raised in the same way as in 
0 the myoplastic procedure.
Muscle flaps are raised up to the level of bone section 
the way it was done in myoplastic procedure and are attached 
with the terminal end of the bone through the drill holes. The 
quadriceps muscle complex is drawn downwards and turned 
over the bone and cut surfaces of the other muscle groups 
and is sutured all round over the surface of these muscles.
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In the case of a below knee amputation the myoplastic flap 
is formed by the calf muscles which are drawn over the cut 
end of the bone and other muscle groups.
Blood vessels and nerves are treated in the same way as 
described in myoplastic procedure.
Drainage tube is put in and wound is closed by approximating 
the skin flaps without tension.
Dressing is done with cotton wool and crepe bandage.A light 
plaster cast may be applied over the stump.
Critical analysis of the techniques
GUILLOTINE AMPUTATION is one of the oldest and simplest techniques 
of amputation. It was practiced as a routine in older pre­
anaesthetic days where the time factor was important for the 
success. The amputation could be completed within a few minutes 
using this technique.
The procedure is used nowadays as a life saving measure in 
severely crushed limbs or in cases of anaerobic infection by 
gas gangrene organisms. Apart from speed, it allows free drain­
age because of wide exposure of the cut end of the tissues as 
it is left open.
A fragile scar, muscle retraction, atrophy and loss of function 
with the possibility of contractures all combine to make this 
technique unjustifiable in present day surgical practice except 
as a provisional procedure to be followed by a definitive 
amputation.
CONVENTIONAL AMPUTATION: The object of this amputation tech­
nique is to provide skin cover to bone end, with healing as 
early as possible. It was acceptable when the prosthetic 
requirements were also limited to the ’'bucket" type fitting of 
the sockets.
It has the same drawbacks of the guillotine method as regards 
muscle function etc. and again cannot be justified as a modern 
surgical procedure aimed at providing a well shaped functioning 
stump for a modern prosthesis.
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In both the guillotine and the conventional above knee amputation, 
the femoral shaft remains unstable and is prone to migrate 
laterally within the stump tissues due to the strong action of 
the abductors during stance phase when the vertical load of the 
body is balanced on the artificial limb. This displacement of 
the femoral shaft produces high pressure between the lower lateral 
side of the stump and the adjacent socket wall. This may cause 
pathological changes in the tissues.
Today this technique of conventional amputation is sometimes used 
for elderly patients whose general condition requires a simple 
quick operative procedure. It can also be practiced for those 
patients who are not likely to use prostheses.
The advances in biomechanics and principles of prosthetic 
fitting led to a better understanding of the requirements of 
the stump in relation to the modern socket fitting. This led 
to the development of better though perhaps more time consuming 
surgical techniques of amputation.
MYOPLASTIC TECHNIQUE of amputation fulfils almost all the 
criteria of the ideal stump. It provides a well moulded stump 
with well padded end. It also provides balanced muscle action 
and brings the muscle vascular bed up to the end of the stump.
This may also help in restoring cutaneous circulation.
This technique requires very careful dissection. If the muscle 
flaps are unduly dissected from the skin they may get displaced 
in absence of a proper supporting structure. Unnecessary 
periosteal stripping from the bone can also cause falling of 
the muscle flaps away from the bone.
The two layers of muscles covering the terminal end may produce 
an excessive soft tissue bulk.
Since the muscle ends are sutured to opposing groups of muscles 
and not to the bone the efficiency of their action may be 
reduced.
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MYODETIC TECHNIQUE of amputation has an advantage over 
myoplastic technique in that the muscle action is fully 
utilised since the muscles are attached to the end of the 
hone. The end of the stump is less bulky than myoplastic 
procedure.
The disadvantages of this technique are that it is sometimes 
difficult in practice to attach such a bulk of muscles to the 
small terminal end of the bone through the drill holes. It 
does not provide padding over the cut end of the bone which 
remains covered only with skin and deep fascia. The stump 
cannot take any end bearing load and this precludes the fitting 
of a total contact hard socket.
OSTEO-MYOPLASTIC TECHNIQUE is the combination of myoplasty and 
myodesis and is probably the most effective technique. It 
provides the fixation of muscles to the terminal end of the 
bone to give good control of stump and has all the advantages 
of myoplastic technique.
The terminal end of bone is covered with adequate amount of 
muscle padding without adding too much bulk. The risk of 
displacing myoplastic flaps is also overcome since the muscles 
are attached to the bone.
This composite osteomyoplastic technique results in the stump 
which fulfils the required criteria of ideal stump previously 
suggested and thus forms a new organ of locomotion and not 
merely a filler for the socket.
Postoperative Management
The postoperative management should be planned to provide a 
soundly healed well shaped stump in as short a time as possible 
to allow early mobilisation and rehabilitation.
Stump dressing and bandaging should be aimed at absorbing wound 
discharge and reducing interstitial oedema. The pressure 
applied should be adequate and should not exceed 30 - 40mm of Hg, 
i.e. the pressure in the cutaneous circulation.
It may be advantageous, especially in the below knee amputation, 
to support the dressing with a rigid plaster of paris cast.
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This prevents relative movements of the stump, helps in relieving 
pain and prevents the oecurance of oedema and flexion at the 
knee joint. It also assists venous and lymphatic drainage 
because of the pump action of muscular contractions inside a 
rigid dressing. According to Moore a rigid dressing in the 
first 48 hours can be of advantage (Moore 1972).
If enough care is not taken in applying the rigid dressing, it 
may cause circumferential constriction proximally and this will 
promote terminal oedema instead of preventing it. This in 
turn may produce favourable conditions for bacteria to grow 
in accumulated exudate in an atmosphere of low oxygen tension.
Reluctance to remove plaster of paris shell to inspect the wound 
may have a disastrous outcome. Baker et al (Baker 1977) have 
shown primary wound healing in 25.2 per cent of plaster dressing 
group and 23.3 per cent in the soft dressing group. This was 
confirmed by Thomas et al (Thomas 1980). Author feels that the 
difference is not significant and therefore does not justify 
the extra risk.
Post amputation pain -may, if unrelieved, be a factor in causing
centrally fixed intractable pain. Adequate doses of analgesics
must therefore be given as a routine to prevent rather than to 
treat it. Rest is equally important to prevent pain. Active 
use of recently traumatised muscles and use of the stump in 
the early post-operative phase will not only cause the pain but 
will also jeopardise healing. In the initial period the wound 
depends on the sutures for its tensile strength. During this 
period if muscles contract strongly sutures could tear through, 
and with friable ischaemic muscles the conditions are 
more favourable for this. Active use of stump in early post­
operative phase may also jeopardise skin healing.
Drainage tube is removed after 48 or 72 hours depending upon 
the drainage.
Exercises to the trunk, upper limbs and to the contralateral 
leg should be continued as pre-operatively. Patient should be 
allowed to move the stump as soon as he can do so without much 
discomfort.
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Early mobility on a "pneumatic post-amputation mobility aid" 
is then commenced. The inflatable bag inside a metal frame 
with a rocker end is comfortable, adjustable, reusable and offers 
an early opportunity to walk and balance. It also enhances 
stump shaping and healing (Redhead et al 1978).
As soon as the suture are removed, usually in two to three 
weeks, a temporary prosthesis should be made available for the 
patient.
Post-operative complications: A detailed account of these
complications which include development of haematoma, infection 
and wound breakdown is beyond the scope of this dissertation.
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Chapter V
Nutrition of the limb
Blood supply to the lower limb - Anatomical and physiological 
consideration
Each limh has a single main artery which carries the blood 
necessary for the function of the limb. Branches of this 
artery supply all the structures including the skin, muscles, 
bones and joints. Such a simple arrangement suffers from the 
disadvantage that an injury, or disease of the main artery 
causing blockage, would result in the death of the limb distal 
to the obstruction unless alternative pathways were made avail­
able. Hence, the limb circulation is arranged in a series of 
anastomotic patterns between the branches of the main artery 
at various levels along its course, thus providing a collateral 
circulation bypassing the segment/s of the main artery.
The aorta bifurcates in the abdomen into the common iliac 
arteries. At the pelvic brim the common iliac artery divides 
into the internal iliac artery, which supplies blood to the 
pelvis and gluteal region, and the external iliac artery which 
continues along the pelvic brim and enters the thigh behind 
the inguinal ligament to supply the blood to the lower limb.
A simplified diagram of the lower limb arteries is shown 
in Fig. 1.
The gluteal region is supplied by the superior and inferior 
gluteal arteries,both arise from internal iliac artery inside 
the pelvis. Branches of these arteries anastomose freely with 
each other and also anastomose with the ascending branches 
of the medial and lateral circumflex vessels.
The OBTURATOR ARTERY is a small branch of internal iliac artery. 
It sends a branch to hip joint and muscular branches to the 
proximal parts of adductor muscles. By anastomosing .with the 
profunda femoris artery, it contributes to the anastomoses 
around the hip.
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Fig. 1. Main arteries of the lower extremity
30
The FEMORAL ARTERY is the continuation of external iliac artery 
as it enters the thigh. Its pulsations can easily be felt
below the raid inguinal po'int and is used as a rough clinical
guide for circulation to the limb.
The femoral artery continues down the leg, carrying blood to 
the knee, leg and foot. It passes downwards and reaches the 
back of the thigh by passing through the opening in the adductor 
magnus muscle. This part of the femoral artery is often called 
the superficial femoral artery to distinguish it from the 
profunda femoris artery, a large branch of the femoral which 
arises 4cm below the inguinal ligament. The profunda femoris 
artery supplies many branches to the muscles of the thigh.
Medial and lateral circumflex arties are the other named branches 
of the profunda femoris artery. The lateral circumflex artery 
supplies branches to the muscles in front of the hip joint, 
and sends an ascending branch. The medial circumflex artery 
passes deeply into the thigh to pass medial to the femur below 
the hip joint, supplying muscles as it goes. It also sends an 
ascending branch. Ascending branches of medial and lateral
circumflex arteries anastomose with the branches of superior 
and inferior gluteal arteries. These branches of the profunda 
femoris artery play an important part in providing a collateral 
circulation when the flow through the femoral artery is 
obstructed.
When the femoral artery passes through the opening in adductor 
magnus to reach the back of the thigh, it becomes the popliteal 
artery. The POPLITEAL ARTERY passes behind the knee joint and 
divides into the anterior and posterior tibial artery at the 
level of the neck of the fibula. There is a very well developed 
circle of anastomotic arteries around the knee joint between 
genicular branches of the popliteal artery and the tibial 
arteries.
The POSTERIOR TIBIAL ARTERY is the larger of the two divisions 
and it gives off the peroneal branch about 5cm below the 
popliteus muscle. This peroneal branch supplies the lateral 
aspect of the leg and ends up supplying the lateral aspect of
31
the heel. The main posterior tibial runs in the posterior 
compartment of the leg and ends up midway between the medial 
malleolus and the medial border of the heel. Here it is 
fairly superficial and can be palpated. It is therefore use­
ful as a rough clinical indication of the state of the circulation 
in the leg and foot. It divides at this level into a smaller 
medial planter artery and a larger lateral planter artery.
The ANTERIOR TIBIAL ARTERY passes anteriorly to supply the 
anterior compartment of the leg. It then passes in front of 
the ankle joint to reach the dorsum of the foot where it becomes 
the dorsalis pedis artery, which is also superficial in position 
and may be palpated in its course over the dorsum of the foot.
The arterial supply to the foot is arranged around a planter 
and a dorsal arch with communicating branches. The medial 
planter branch of the posterior tibial supplies the medial 
aspect of the foot. The lateral planter artery runs laterally 
and then arches across the sole under the bases of the meta­
tarsals to anastomose with the dorsalis pedis artery. This 
portion of the artery is known as the planter arch and from 
this arch series of metatarsal and digital branches are given 
off. The dorsal arch is formed by arcuate artery which is the 
branch of dorsalis pedis artery. The dorsal arch and the 
planter arch communicate with each other freely.
Collateral circulation
The collateral circulation.may be defined as blood flow that 
pursues a channel or system of vessels which is alternative 
to or develops in substitution for a major vascular pathway.
The effects of arterial occlusion depends upon the adequacy 
of a collateral circulation, either in being or potential.
This collateral circulation develops as a result of the en­
largement of some minor arcades being pre existed or often 
named arteries. However there is no evidence of formation of 
new arteries (Liebow 1963).
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Collateral circulation in lower limbs
In the lower limb ischaemia the collaterals develop in response 
to blockage of a major blood vessel, whether complete or partial, 
so as to circumvent this blockage and enhance the blood supply 
distally. The development and effectiveness of such a collateral 
circulation depends on the anatomical and functional response 
that makes up the collateral circulation, as well as other 
factors such as the extent of the blockage of the main (axial) 
artery and whether it occured gradually enough to provide time 
for the opening up of these alternative channels. Once the 
collaterals are in full operation, any further reduction in 
the main vessel blood flow may not be compensated for as there 
will be no reserve channels available; signs and symptoms of 
ischaemia then develop, with frank gangrene as the end result.
The anastomoses which provides the collateral circulation tend 
to be best developed around the major joints like the hip, knee 
and ankle. This can be seen in the hip area (internal iliac 
artery branches communicating with femoral artery branches), 
the knee (popliteal with tibial branches) and the ankle 
(peroneal and tibial branches). Additionally there is an im­
portant communication between the branches of the left and right 
internal iliac arteries inside the pelvis. There is another 
important anastomotic chain in the thigh between the branches 
of superficial femoral and profunda femoris arteries.
Haemodynamics
The haemodynamics of arterial blood flow is complex, and there­
fore better appreciated by a brief reference to the theoretical 
base or background of hydrodynamics in general:
Laminar flow and Turbulent flow - Fluid flowing along a 
uniform tube at a fixed rate does so in laminar form,
i.e. the stream can be looked upon as an infinite number 
of concentric laminae or layers sliding upon one another, 
the innermost or axial layer having the highest velocity 
of flow, and the outermost layer being in contact with 
the lining of the tube, having the lowest velocity. 
Propulsion of the fluid along the tube requires a force
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to overcome the internal friction of one layer on 
another. At a given viscosity, flow continues to be 
laminar as long as the product of velocity and diameter 
does not exceed a critical value. This is determined by
the Reynold’s number Re
I. VD Re = —  n
where V is mean velocity, D is diameter and n is kinematic 
viscosity. In arteries, if Re exceeds 2000, laminar flow 
breaks up and becomes turbulent, i.e. forms eddies, jets 
and whorls. The energy or force required to maintain 
turbulent flow rises greatly and the lateral pressure 
exerted by the tube also rises. Vibrations are set up 
which may be detectable as sound. Turbulent flow rarely 
occurs in normal human circulation, except perhaps in the 
aorta under conditions of severe exercise.
Poiseuille Equation - In a rigid tube volume flow of any 
fluid depends upon: pressure gradient from one end to
another end (PI - P2), the radius of the tube (r), length 
of the tube (l) and viscosity of the fluid (n).
Poiseuille correlated these factors thus: 
Flow = - r4 (PI - P2)8 n L
This equation illustrates the important fact that while 
the flow is related linearly to pressure gradient and 
inversely to length and viscosity, it is related to the 
fourth power of radius; i.e. doubling of the radius, other 
things being equal, increases the flow sixteenfold. It 
follows that quite a large variation in the flow may occur 
with a scarcely perceptible change in the diameter of the 
tube. The application of this principle to human circulat­
ion though no more than approximate, yet has to be taken 
into account.
The pattern of flow in systemic arteries changes with the 
distance from the heart. The output of the heart is dis­
continuous; at the root of the aorta with each systole there 
is a rapid forward flow during ejection of blood, followed by 
standstill, or even some backward flow during diastole. This
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wave pattern of flow becomes progressively dampened by the 
storage function of aorta, and in the smaller arteries the flow 
is much more continuous. In cinematographic display a 
corpuscle or dye particle will be seen in the aorta moving 
forwards in jerks with each heart beat while in peripheral 
vessels it moves more or less in a continuous fashion 
(Kitchin 1968).
Pressure tracings within the aorta or peripheral artery show 
saw toothed oscillations. With the ejection of blood into the 
aorta from the heart, there is a rapid rise of pressure, as the 
input into the arterial system exceeds the run off into the 
periphery. As the ejection is cut off the pressure tends to 
fall and this fall further progresses since the blood continues 
to flow from the aorta to the periphery.
Energy is used up in propelling the blood along the vessels, 
resulting in a small fall in the mean pressure along the 
arterial tree. The geometry of the branching system, moreover, 
allows secondary waves to be formed at branch points. These are 
reflected backwards along the arteries and summate with the 
forward travelling wave. Thus the pressure in the peripheral 
arteries may show a higher systolic peak than the aorta.
Relation between pressure and flow in Arteries - Blood flow in 
an artery is the product of the pressure gradient enhanced by 
the pulse wave. This pressure gradient between two points 
can be estimated by subtracting the distal from the proximal 
pressure. The flow along the segment of artery is a function 
of this pressure gradient. Paradoxically, it is seen that if 
flow and pressure are measured simultaneously at a point in the 
vessel, the peak of flow slightly precedes the peak of pressure 
(Donald 1974).
Relation between diameter and flow in arteries - As age advances 
the lumen of the arteries may in some people be reduced. This 
results in marked reduction in blood flow through the arteries 
(Poiseuille equation). When the reduction in flow reaches a
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lbvel below normal requirement, the distal part suffers 
ischaemia. This is more critical in the extremities, 
especially the lower limbs
Relation between vascular elasticity and flow in arteries - 
In addition to providing passage of blood, the arteries have 
storage function provided by the elasticity of the vessel wall 
as it stretches and recoils according to the pressure within 
the artery.
The amount of elastic tissue in the walls of arteries varies. 
Near the heart, the aorta and large branches contain a large 
amount of elastic tissue. They dilate to accommodate the 
stroke volume during the systole. During diastole the 
accommodated blood is pushed further into the circulation by 
the elastic recoil affect of the arterial wall. These elastic 
vessels thus convert discontinuous blood flow into a relative­
ly smooth flow through the small vessels of the peripheral 
circulation. Systolic peak pressure is reduced and diastolic 
pressure is maintained by the elasticity.
If the elasticity is lost the arteries will behave like rigid 
conduits carrying blood, at a very high pressure during systole 
and at a very low pressure during diastole. The result will 
be an impairment in the capillary function of exchange of gases 
and metabolites.
The capacity of carryingavaried volume of blood is also reduced 
by the loss of elasticity.
Relation between viscosity and flow - Flow in the vessel 
reduces as the viscosity of the blood increases (Dormandy 1971). 
h Dintenfass defined hyperviscosity and its crucial role in 
disorders of microcirculation, emphasizing that small changes 
in red cell rigidity or aggregation could lead, despite the 
minimal effect on flow in large vessels, to disproportionately 
larger effects in the microvasculature (Dintenfass 1980).
J Dormandy believes that lowering blood viscosity in patients 
with peripheral ischaemia could be of clinical benefit by 
increasing the blood flow through the capillaries even when 
hyperviscosity is not the principal cause of the disease 
(Dormandy 1980).
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Microcirculation
The term "microcirculation" refers to the blood flow through 
terminal arterioles, metarterioles, precapillary sphincters, 
capillaries and postcapillary venules. Terminal arterioles 
are vessels lined by endothelium that is surrounded by a single 
layer of smooth muscle and by a minimum supporting connective 
tissues. The metarteriole is an offshoot from the arteriole, 
of similar structure, and provides blood to capillaries. 
Precapillary sphincters are characterised by a local muscular 
investment and close rhythmically and asynchronously in resting 
tissues. The precapillary sphincter is the last site where 
smooth muscle cells are found in the wall of the branches of 
terminal arteriole. The functional activity of the precapillary 
sphincters determines the number of patent capillaries and hence 
the perfused surface area of the capillary bed.
Structure and function of capillaries ~ In general, capillaries 
consist of fine tubes and do not reduce in size even after 
brandling. They are approximately 7 p. in diameter and consist 
of a wall composed of a single layer of endothelial cells.
The capillaries are arranged in a network throughout the tissues 
of the body except the cornea and cartilage. The arrangement 
varies with the tissues. In mesothelial structures like the 
pleura and peritoneum they form a horizontal network. In 
muscles they are arranged longitudinally along the muscle 
bundles. In skin they appear as loops or arches coming up 
towards the surface, bending over and returning to the deeper 
tissues.
One of the earliest and most important observations about the 
capillary network was that it appears to be unstable or 
inconstant, one capillary can be seen transmitting blood at 
one time and closing shortly afterwards; different capillaries 
open and close in turn. It has been observed that there is 
separation of plasma and cells. Some capillaries appear to 
transmit only plasma while others .allow blood cells to pass 
as well.
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The thin wall of the capillary is appropriate for an abundant 
transmural exchange of solutes and solvents hack and forth. 
Lipid-soluble substances like oxygen and carbon dioxide can 
traverse almost the entire capillary wall surface, those 
soluble in water like glucose are restricted in their passage 
to "pores" in the wall. The size of capillary surface area 
perfused will quantitatively influence the loss and gain of 
solvent and solutes, whether such solutes are lipid-soluble or 
water-soluble.
Structural Specialisation - Three main types of capillaries 
are described on the basis of electron microscopic studies, 
which are shown in Fig. 2.
(i) Continuous (Non-Fenestrated) Capillaries - They are found 
in all types of muscles, lungs, central nervous system, and in 
fat and connective tissue. The single layer of endothelial cells 
(about 30 microns long, 10 microns wide, and 0.1 to 0.3 microns 
thick, save at the site of nucleus where it may be 2 to 3 microns 
thick) is apparently continuous. The intercellular region is 
occupied by a homogeneous material of moderate density and the 
luminal surface is normally covered by a thin coat of the same 
material. On the outer surface of the endothelial cells there
is a basement membrane. It provides a jacket for the Avail but 
does not significantly hinder the transport. Ultra-structure 
studies have revealed the existence of intercellular pore-like 
channels in a few of the capillaries. Functional studies have 
established that the continuous capillaries behave as porous 
membranes.
(ii) Fenestrated Capillaries - These occur in the renal 
glomeruli, in glands, and in the intestinal mucosa. Their endo­
thelial cells show numerous intracellular fenestrations which 
may either be open or closed by a very delicate diaphragm. The 
dimensions of these openings are probably not very much larger 
than those of intercellular pores of continuous capillaries. 
Fenestrated capillaries permit exchange of solvent and solutes 
Avhich is both rapid and large.
(iii) Discontinuous Capillaries - These possess an endothelial 
layer Avith obvious intercellular gaps. Bone marrow, liver,
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Fig. 2. Different types of Capillaries
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Fig. 3. Schematic drawing of exchange of substances 
through the capillary wall
spleen are characterised by this type of capillary which seems 
adapted for the transmural exchange not only of macromolecules, 
but even of blood cells. Basement membrane in these capillaries 
is sparce or absent.
Function of Capillary System
1. Exchange of nutrients and other substances between the 
blood and interstitial fluid
(i) Diffusion through the Capillary membrane - This is
the most important means by which substances are transferred 
between the plasma and interstitial fluids. As the blood 
passes through the capillary, tremendous numbers of water 
molecules and dissolved particles diffuse back and forth 
through the capillary wall. This provides continuous mixing 
between the interstitial fluids and the plasma. Diffusion 
results from, and is proportional to the concentration 
difference between the two sides of the capillary wall.
The rate of diffusion through the capillary membrane is so 
great that only slight concentration difference causes 
adequate transport. (Fig.3.)
Diffusion of water soluble substances - Substances soluble 
in water like sodium ions, chloride ions and glucose and 
insoluble in lipid, diffuse between plasma and interstitial 
fluids only through the pores. Motion of these particles 
is so great that even the small area of pores is sufficient 
to allow tremendous diffusion of water soluble substances.
Diffusion of lipid soluble substances - If a substance is 
lipid soluble like oxygen and carbon dioxide, it can diffuse 
directly through the cell membranes of the capillary without 
having to go through the pores. Since these substances can 
permiate all the area of capillary membrane, their rate of 
diffusion is many times greater than water soluble and 
lipid insoluble substances.
(ii) Transport through the capillary membrane by Pinocytosis 
This is another means by which small quantities of sub­
stances can be transported through the capillary wall.
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Basically, this process means that the endothelial cells of 
the capillary wall ingests small amounts of plasma or 
interstitial fluid and small vesicles of the ingested 
material migrate from one surface of the endothelial cell 
to the other where they are released. Most of the sub­
stances pass either through the wall or through the pores, 
and it appears that pinocytosis is not the major means 
of transportation of substances through the capillaryWall.
2. Transfer of fluid volume between the plasma and
interstitial fluids - 
One of the important function of capillaries is to maintain 
balance between plasma volume and interstitial fluids. There 
are four primary factors which determine whether fluid will move 
out of the blood into the interstitial fluid or in opposite 
directions, they are:
(i) Capillary pressure (Pc), which tends to move the 
fluid outwards through the capillary wall. It is 
25mm Hg at arterial end and 9 mm Ilg at venous end.
(ii) Interstitial fluid pressure (Pif), which tends to 
move the fluid inwards into the capillaries. The inter­
stitial fluid pressure is less than atmospheric pressure 
and averages - 7 mm Hg.
° (iii) Plasma colloid osmotic pressure (Pcop), which attracts
the fluid inwards into the capillaries and is approximately 
28 mm Hg.
(iv) Interstitial fluid colloid osmotic pressure (IF cop) 
which causes the movement of fluid outwards through the 
capillary membrane and is approximately 4.5 mm Hg.
i. Movement across the capillary wall at arterial end
Forces causing the movement through capillary wall are:
Forces tending to move fluid outwards: TT
Capillary pressure
Negative interstitial fluid pressure 
Interstitial fluid COP
mm Hg 
25
7
4.5
TOTAL 36.5
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Forces tending to move the fluids imvards: mm Hg
Plasma COP 28
Net outward force is 36.5 - 28 = 8.5mm Ilg
Thus at arterial end a net filtration pressure of about 8.5mm Hg 
tends to move fluid out into the interstitial space.
ii. Movement across the capillary wall at venous end - low 
pressure at capillary end changes the direction of movement of 
fluid.
Forces tending to move fluid imvards.
Plasma COP '
Forces tending to move fluid out^vards 
Capillary pressure
Negative interstitial fluid pressure 
Interstitial fluid COP
TOTAL
Net inward force is 28 - 20.5 = 7.5mm Hg
Thus at venous end net absorption pressure is approximately 
7.5mm Hg and this causes about nine-tenths of the fluid that 
had filtered out at arterial ends of the capillaries to be 
reabsorbed at the venous ends. Another one-tenth flows into 
the lymph channels.
It is important to understand the difference between filtration 
and diffusion through the capillary membrane. Diffusion occurs 
in both directions throughout the capillary wall, while filtra­
tion is the outward movement of fluid which takes place only 
at the arterial end. The rate of diffusion of water through 
all the capillary membranes of the entire body is about 
120,00 ml/minute while the filtration rate at all the arterial 
ends of all the capillaries is only 16 ml/minute (Guyton 1971).
Other functions of capillaries are (i) regulation of body 
temperature, (ii) maintenance of blood volume and blood pressure
(iii) combating shock, (iv) repair of tissues etc. Description 
and discussion of these are beyond the scope of this project.
mm Hg 
28
9
7
4.5
20.5
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Control of Capillary Circulation - Regulation of flow through 
the capillaries must adapt to the function required. The 
primary function is that of exchange of substances to meet 
metabolic demands. The critical factor here is not the 
volume of flow through the tissue capillaries, but the surface 
area of the capillary walls through which exchange can take 
place. Moreover, the capillaries are in series with the whole 
circulation and their regulation cannot be independent of the 
requirements of the circulation as a whole. As we know the 
arterial blood pressure depends partly on control of the 
arteriolar resistance i.e. the state of constriction of arter 
ioles which in turn affects blood flow through the capillary 
network. There are two mechanisms which control the capillary 
circulation for which much experimental evidence is available 
(Kitchin 1968).
i. The arteriolar resistance is controlled by the 
contraction of smooth muscles in the walls of small 
arterioles. This governs the overall flow through the 
capillary bed.
ii. The precapillary sphincters controlling the mouths 
of capillary channels. They determine, by their opening 
or closing, the number of capillaries through which the 
blood circulates and thus regulate the capillary exchange 
surface area.
If sphincters are contracted the blood bypasses the 
capillary.network and flows through the main capillaries, 
which are few in number and relatively large.
When the sphincters are relaxed the blood passes through 
a much denser network of channels thus increasing the 
exchange surface area.
In general, the arteriolar resistance is more under neural 
control than is the precapillary sphincter. The precapillary 
sphincter on the other hand is influenced mainly by locally 
produced vasodilator metabolites which cause them to relax.
This occurs in conditions of metabolic demand such as exercise, 
local heating, and reactive hyperaemia following a period of
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arterial inflow occlusion. Although the metabolites primarily 
affect the precapillary sphincters, they also relax the 
arterioles.
The neural control of arteriolar resistance is via sympathetic 
supply. Sympathetic vasoconstriction takes place reflexly 
in response to a variety of stimuli for example pain, cold 
or a fall of blood pressure. Sympathetic tone may be reduced 
by general body heating or by section of sympathetic nerves. 
Vasodilation thus produced is less marked than vasodilation 
produced by metabolites and is not associated with opening 
up of a large number of capillaries.
The two factors, the arteriolar musculature and precapillary 
sphincters have a co-ordinated response; a local metabolic 
stimulus first causes precapillary sphincteric dilation 
and then relaxes the arteriolar musculature. Severe vaso­
constriction may result in ischaemia and accumulation of 
metabolites to such an extent that vasoconstriction is 
modified and relieved. This mechanism provides the basis 
for the phenomenon of auto regulation of flow which applies 
widely in the capillary circulation and is made possible by 
presence and interaction of the two well balanced control 
systems.
Skin circulation
The skin represents the largest specialised organ in the 
body. It has a very abundant blood supply though the require­
ment is quite low. It has been estimated that a minimum 
flow of 0.8 ml of blood per min for 100 ml of tissue, is 
adequate to supply its oxygen requirements, while it receives 
5 - 10 ml. There are considerable regional differences but 
the basic pattern of blood supply is the same. An arterial 
twig penetrates the subcutaneous fat and forms a plexus just 
above it. Another plexus is formed just below the papillary 
body and from here loops go up to supply individual papillae. 
Branches from these plexuses supply the glands and hair roots.
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Each arterial twig penetrating the subcutaneous fat supplies 
an inverted cone shaped area, the base of which is towards 
"epidermis. The epidermis itself is avascular and receives 
its nourishment from the vessels in the tip of the papilla 
via the intercellular space.
Regulations of skin circulation
The vascular supply of the skin is governed not so much by 
the needs of its own metabolism but by its function in 
regulating body temperature by losing or conserving heat.
Under normal resting conditions at a room temperature of 
20°C the skin blood flow is in the region of 5 - 10 ml per 
min for 100 ml of tissue. This value is even more than the 
muscle blood supply. The skin blood flow is sensitive to 
minor changes in sympathetic tone and varies widely from 
1 ml per min for 100 ml of tissue with vasoconstriction to 
about 100 ml with vasodilation in hot bath.
Skin blood flow is controlled in a variety of ways -
i. Local metabolism - when this is increased, for 
example by heating, locally produced metabolites cause 
arteriolar dilation and increases the blood flow. The 
most important example is reactive hyperaemia following 
occlusion of arterial flow.
ii. Sensory nerves - These nerves give off the branches 
which arborise around the local skin vessels. Sensory 
stimulation results in local vasodilation via axon re­
flexes. The mechanism persists even after the proximal 
section of the sensory nerve,proving it is independent of 
central reflex pathways. The triple response to scratch­
ing is the example of this.
iii. Sympathetic nervous control - This control is highly 
active and sensitive. Sympathetic constrictor tone is 
marked in the limbs and vasodilction is brought about by
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inhibition of this constrictor tone. Body heating 
results in warm blood reaching the medulla which in turn 
inhibits sympathetic constrictor tone and increases skin 
blood flow. Blocking or section of sympathetic nerve 
supply to a limb results in a large increase of skin 
blood flow.
iv. Hormones - Various hormones exercise an effect on 
skin circulation. Adrenaline and nor-adrenaline cause 
vasoconstriction. Oestrogen arid oxytocin cause mild 
dilatation of blood vessels.
v. External pressure - Compression of skin will 
obliterate its circulation. The skin tolerates ischaemia 
well, but the accumulation of metabolites ultimately 
results in excitation of nociceptive fibres and this 
induces voluntary or reflex shift in position with a 
consequent restoration of blood flow. A prolonged 
pressure in a localised area for several hours, however, 
causes tissue damage and even necrosis. Bed sores are 
the best example of pressure necrosis in a debilitated, 
unconscious or paraplegic patient.
Skeletal muscle circulation
In the resting state blood flow through muscle is some 2 - 4 ml 
per min for 100 ml of tissue, so that skeletal flow represents 
about one fifth of the cardiac output. Under conditions of 
exercise the blood flow increases to 30 - 40 ml per min for 
100 ml of tissue. When muscle contracts, the tension rises 
within and this cuts off the blood flow. During sustained 
strong contraction, therefore, an oxygen debt is built up 
and metabolites accumulate. Pain then develops in muscle 
from sensory receptor stimuli. On release the reactive 
hyperaemia occurs.
Muscle blood flow is controlled through the following 
mechamisms -
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i. Local control - This is effected by accumulation 
of metabolites and it represents a form of autoregulation.
ii0 Sympathetic vasoconstrictor tone - This is a con­
stant vasoconstrictor effect on the blood vessels supply­
ing the skeletal muscles. Sympathetic denervation 
(surgical or otherwise) increases the blood flow markedly,
sometimes even doubles it.
iii. Sympathetic cholinergic vasodilators fibres - 
Originating in the hypothalamic area, these nerves are 
stimulated during exercise, thus providing the adequate 
amount of blood flow to the muscles.
iv. Adrenaline - This also causes vasodilation in 
the muscle vessels.
Claudication - It refers to aching or constricting 
pain arising during activity of any group of muscles 
but classically involving the muscles of the lower 
extremity during walking, particularly the calf muscles.
The pain appears gradually after a relatively constant 
amount of exercise and is relieved promptly by rest.
If exercise is continued in spite of the pain, the 
affected muscles become spastic and cramped.
Intermittent claudication indicates that an imbalance 
exists between the blood supply and the metabolic 
requirement. It further indicates that vasodilation 
is inadequate even despite accumulation of local meta­
bolites. It usually arises from organic obstruction 
rather than from excessive sympathetic activity. An 
increase or a decrease in this symptom is a very import­
ant prognostic aid. The diminished vascular reserve may 
be correlated with the distance a patient can walk on a 
level surface at his optimal pace before pain requires 
him to stop.
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Physiology of Nutrition and energetics
Energy is required for the viability of living tissues. In 
all the living cells there is a continuous process of repair 
and maintenance in which chemical components are disassembled 
and resynthesized. This cellular activity requires energy. 
Nutrients derived from the diet provides the energy necessary 
for all processes.
In living tissues the central driving force which is the 
basis of all energy-requiring biological processes is high 
energy phosphate compound in the form of ATP (Adenosine tri 
phosphate) which is a phosphate ester. There is, however, 
a wide range of phosphorylated derivatives of carbohydrates, 
proteins and lipids responsible for energy production.
ATP is hydrolysed as following to produce energy - 
ATP + -HgO —^  ADP + U P O  + 8 k cal. (energy)
The generation of sufficient ATP,to meet the energy requirements
of the body, involves control of many different metabolic pro­
cesses. ATP can be generated by oxidation of carbohydrates, 
triglycerides and proteins. These three sources can be 
oxidised at different rates and in different proportions to 
each other, depending on the body’s demand for energy and on 
the availability of these energy fuels to the body.
The generation of ATP occurs almost exclusively in mito­
chondria where the aiergy released by the oxidation of re­
ducing equivalents, in the form of NADII (reduced Nicotinamide- 
adenine dinucleotide) and FADII^  (reduced Flavin-adenine 
dinucleotide) by oxygen, is coupled to the formation of ATP 
by oxidative phosphorylation.
Most of NADH generated by the body is in the TCA (Tri Carbo- 
xylic Acid) cycle. Some amount of NADH is also generated 
during partial oxidation of glucose and amino acids.
ATP is also formed anaerobically during glycolysis following 
the impairment of arterial blood flow. But the amount formed 
in this way is quantitatively insignificant for the total
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"body energy production. This process consumes, comparatively 
more glucose for the same amount of ATP production.
Normal energy generation - Fuels for energy generation may 
be carbohydrates (glucose), triglycerides (free fatty acids) 
or proteins (amino acids). Though the initial metabolism 
of glucose, FFA (free fatty acid) and amino acids is different, 
the final oxidative pathway is common for all metabolic 
fuels once they enter the TCA cycle as shown below:-
Protein Glucose Glycogen Triglyceride
FFAGlucose-6-PAmino acids
Reducing equivalents 
(NADII and FADH2)
Pyruvate
Acetyl-CoA
TCA
Cycle Oxidative
phosphorylation
Pi + ADP ATP
Interrelationships of intermediary metabolism
It can be seen that most of the pyruvates enter in TCA cycle 
to produce reducing equivalents and only a small amount is 
converted to lactate in presence of normal oxygen levels.
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Oxidative phosphorylation - Oxidative phosphorylation is to 
the body what the engine is to a car. It takes specially 
prepared fuel (NADH and FADII^ ), oxidises it in the presence 
of oxygen and develops power ATP. Oxidative phosphorylation 
involves the oxidation of reducing equivalents. The mutiple 
steps in the electron transport chain facilitates maximum 
yield of ATP. Three molecules of ATP are formed from oxi­
dation of one molecule of NADH, while only two are formed 
hy FADI-Ig.
Pathophysiology of nutrition in ischaemia in the limb
Impairment of arterial blood flow entails a reduction in 
the supply of oxygen to the tissues. This results in energy 
metabolism becoming anaerobic. During the phase of excessive 
energy requirement, such as in exercise, the anaerobic energy 
metabolism increases due to lack of oxygen. If the yield of 
energy from the anaerobic glycolysis exceeds that obtained 
from oxidative phosphorylation, and if the ATP, the energy 
carrier and direct source of energy, is formed practically 
exclusively via anaerobic pathways, the clinical signs of 
impairment of arterial blood flow develops.
The pyruvates formed during exercise in the muscle cells can 
no longer be oxidised and taken up in the TCA cycle, but are 
reduced to lactic acid. The yield of energy by this route 
is small.
The amount of lactic acid thus formed depends on the degree 
and the duration of the physical effort and the degree of 
impairment of blood flow.
Ischaemic pain is due to the accumulation of the above men­
tioned metabolites in the tissues. In the initial stages 
of the disease symptoms appear after exertion, but as the 
disease process progresses, the ischaemia and oxygen lack 
increases, and anaerobic metabolism becomes the only source 
of energy even at rest. Accumulated metabolites could then 
produce the resting pain that involves the muscle and skin,
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and if these anaerobic processes are insufficient for 
survival of these tissues, necrosis (gangrene) ensues.
The effects of gradual ischaemia on the tissues of the limb 
are:
Changes in the skin - Epithelium atrophies in the digits 
especially on the dorsal surface. The skin becomes 
thinned, with often a loose layer of thin keratin over- 
lying it. Correlated changes in the axis cylinders 
within the cutaneous nerves may occur. The presence 
of oedema or frank inflamatory changes associated with 
breakdown of the epithelium and appearance of infection, 
modify the general picture. At times there is a loss 
of elastic tissue in the dermis of the digits though this 
is sometimes indistinguishable from similar effects of 
senility. Notably fibrous thickening of the dermis with 
some corresponding loss of fat is often seen (Dible 1966). 
If the ischaemia further increases the necrosis of the 
tissues and later gangrene develops.
Changes in the skin appendages - Nails become brittle.
The loss of hairs and atrophy of sweatglands and 
sebaceous glands result in a smooth shiny skin.
Changes in the subcutaneous tissue - Atrophy of the sub­
cutaneous tissue takes place including the loss of 
subcutaneous fat.
Changes in the nerves - Peripheral neuritis, atrophic 
changes or even advanced nerve atrophy can be seen in 
the digits of limbs suffering from ischaemia. There may 
be complete disappearance of nerve fibrils from some of 
the nerve bundles. These changes are most marked in the 
digital nerves and not so marked in the larger trunks.
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Changes in the muscles - Mild muscular atrophy and some 
fibrosis in the muscle bundles occur, microscopically 
at first but may later be marked enough to show clinic­
ally as wasting in the limb.
Changes in bones - Bones show osteoporosis in the
ischaemic limb.
Healing in the presence of ischaemia
The energy required for healing (repair of damaged tissue) is 
greater than the energy consumed in just maintenance of the 
same tissues if they are undamaged. Ischaemia therefore results 
in the slowing of the healing (repair) process. Should the 
ischaemia be more severe, the mere survival of the tissues 
take precedence over any attempt at healing and all available 
energy will be utilised for survival needs only. This then 
results in the classical state known as "non healing" of wound, 
ulcer etc.
The effects of sudden ischaemia due to blockage or severance
of the artery result in gangrene of the tissues distal to the
blockage, as sufficient time is not available for development 
of collateral circulation.
Clinical features of ischeamia of the lower limb are described 
below in brief. They usually appear in the following sequence:
(i) appearance - foot may look normal, may be slightly swollen;
(ii) arterial pulsations cannot be felt below the occlusion;
(iii) intermittent claudication - it is a cramplike pain in the 
calf on walking (exercise) and passes off after some rest only 
to return on walking similar distance (described in detail on 
page 47); (iv) rest pain - it is severe, continuous pain which 
appears if the arterial insufficiency further increases; (v) 
coldness, numbness and paraesthesia (*pin and needle* sensations) 
develop in the leg; (vi) colour changes - the limb becomes 
blanched on elevation and develops a bluish-jmrple discolouration 
on dependency and finally (vii) superficial erosions and then 
non-healing ulcers develop in between the toes and on the dorsum 
of the foot. Toes gradually become gangrenous.
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Chapter VI
Procedures to improve nutrition of the ischaemic limb
The problem presented by inadequate peripheral circulation is 
more common than it used to be and may at times be serious; 
consequently there has been a search for more and better pro­
cedures and agents for the treatment of peripheral vascular 
impairment. These procedures can be classified into (i) Gen­
eral measures, (ii) Drug therapy, (iii) Invasive procedures 
and (iv) Surgical procedures.
i. General measures - They are: (a) Stoppage of smoking
(b) Exercises (c) Diet and (d) Position in bed.
(a) Smoking - Smoking is the single highest risk factor 
in the aetiology of peripheral vascular disease. Smoking 
may worsen disease by causing vasoconstriction, reducing 
the oxygen-carrying capacity of the red cells, raising 
blood viscosity and by increasing serum fibrinogen 
(Clyne 1980). It also increases permeability of endo­
thelial cells causing easier penetration of cholesterol 
and other substances subendothelially. All these factors 
reduce the blood flow and increase the tendency to 
thrombosis. Smoking also increases the risk of graft 
occlusion following vascular surgery in an ischaemic 
limb (Myers 1978).
(b) Exercise - Exercise improves cardiac efficiency and 
lowers the lipid concentration. This also* increases the 
claudication distance, which may well be due, not to 
increased blood flow, but rather to increased muscle 
efficiency.
(c) Diet - Patients with peripheral vascular disease 
often have abnormal lipid patterns. As in coronary 
heart disease high density lipoprotein may offer pro­
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tection while low density lipoproteins are known to 
increase the tendency of atheroma formation (Miller 1981). 
Alcohol is a well known peripheral vasodilator but it 
does not increase the blood flow in diseased limbs.
"There is good evidence to suggest that alcohol may 
protect against vascular disease and even offset the 
effect of smoking" has been stated by St Leger (St Leger 
1979).
(d) Position in bed - Buerger’s position i.e. elevation 
of head end of the bed by 15cm provides a little more 
blood flow to the limbs and may afford relief from rest 
pain (Bliss 1977).
ii. Drug therapy - The drugs used in peripheral arterial 
disease can be grouped into five categories: (a) Anti- 
Sympathomimetics, (b) Drugs acting directly on the vessel wall,
(c) Drugs which reduce the viscosity of the blood, (d) Drugs 
which improve the metabolism, and (e) Hormonal therapy.
(a) Drugs acting against sympathomimetics (anti- 
Sympathomimetics) - This group includes the drugs which 
either (i) deplete the norepinephrine or (ii) block its 
effect.
(i) Drugs which deplete norepinephrine from the 
peripheral site of sympathetic nervous system, in­
fluence the effect of this hormone on peripheral 
vessels. This group includes agents such as reser- 
pine (Serpasil), guanethidine (ismelin), methyldopa 
(Aldomet) which are capable of removing or prevent­
ing the release of norepinephrine.
(ii) Agents which block the effects of circulating 
norepinephrine or prevent it from attachment to 
receptor sites, known as alfareceptor blocking 
agents, prevent its effect on the blood vessels. 
They are also capable of exerting some sympatho-
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lytic activity by blocking the release of hormones 
as well. Agents in this category, used in the 
treatment of peripheral vascular disease, include 
tolazoline (Priscol), phenoxybenzamine (Dibenyline), 
thymoxamine (Opilon), cyclandelate (Cyclospasmol), 
isoxsuprine (Duvadilan) and phentolamine (Rogitine). 
They are useful in vascular spastic conditions, 
where the vascular spasm is secondary to abnormal 
vessel sensitivity or to increased norepinephrine 
release (Friend 1964) .
(b) Drugs acting directly on vessel wall - This group 
includes agents which have direct action on the vessel 
wall and improve the circulation by relaxing the blood 
vessels. An ideal drug for peripheral vascular deficiency 
would dilate the blood vessels and increase the flow only 
in the areas of deficient blood supply. Such agents do 
not currently exist. In some circumstances, vasodilata­
tion in areas of the body without diseased vessels may 
actually reduce the flow in the ischaemic area. Dilating 
the vessels distal to the obstruction will not increase 
the blood flow unless the collateral vessels dilate. No 
vasodilator drug has been shown to dilate collateral 
blood vessels (Coffman 1979). Examples of the drugs in 
this group are papaverine (Pholcomed), niacin and its 
derivatives (nicotinic acid) and cyclandelate.
(c) Measures which reduce the viscosity of the blood - 
A drug which lowers the viscosity of blood in patients 
with peripheral ischaemia could be of clinical benefit 
even when hyper .viscosity is not the cause of the disease 
(Dormandy 1980). One method of lowering the viscosity
is by lowering the haemotocrit levels; haemodilution 
reportedly leads to improved oxygenation because of 
better blood flow. Reduction of plasma fibrinogen could 
be another factor, but this gives only transient relief.
A different more sophisticated approach, is the use of 
drugs to improve red cell flexibility. This group
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includes isoxuprine (Duvadilan), Oxpentifylline (Trental), 
and cinnarizine (Stugeron).
(d) Drugs improving the metabolic efficiency - It seems 
possible to relieve the symptoms in an ischaemic limb by 
a more efficient use of available blood or its oxygen 
content when increase in blood flow is not possible 
(Waters 1980). A drug which is reported to have this 
effect is naftidrofuryl (Praxilene) as it is said to im­
prove the metabolic efficiency at cellular level (Clyne 
et al 1980).
Naftidrofuryl (Praxilene) is a new molecule, synthesised 
by E Szarvasi and his team (Meynaud 1973). It is the acid 
Oxalate of ethyl-N-diethylamino-2-(naphthyl-1)-3-(tetra- 
hydro furfuryl-2). It is colourless, odourless and is 
soluble in water. Measurement of ischaemic metabolites 
has shown that naftidrofuryl produces a significant re­
duction of lactic acid and increase ATP level in severely 
ischaemic limb (Elert 1977).
Reduction in lactate/pyruvate ratio with naftidrofuryl 
compared with a control investigation, is evidence 
for an enhancement of tissue oxidative potential by 
naftidrofuryl under conditions of raised anaerobic tissue 
metabolism (Shaw 1975).
(e) The role of Hormones in the treatment of vascular 
disease - It has recently become apparent that certain 
hormones can reduce the progress of the disease process 
in the various degenerative vascular diseases.
Evidence has recently accumulated in favour of the follow­
ing hormones:
Prostaglandin E^PGE )^ - It has been shown to produce:
i. A strong vasodilator effect on both muscle and skin 
vessels, ii. An increase in the diameter of collateral 
arteries, iii. An aggregation inhibitor effect, iv. An 
improvement in cell metabolism and permeability of capil­
laries.
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Gruss et al perfused intra arterially 0.1 to 0.2 ng of 
PGE^ per kilogram of body weight per minute, with 8000 
units of Heparin per day in 5 ml of saline (Gruss 1981). 
They noticed that amputation was avoided in 21 out of 34 
legs and remained in a good state of function.
Prostacyclin (Prostaglandin X or PGI„) - It has also been 
shown to improve the circulation in ischaemic limbs, due 
to its powerful vasodilator and platelet aggregation pre- . 
venting effect. Intra arterial infusion of 6.0 to 8.0 ng 
per kilogram per minute suited most patients (Negus 1981).
The effect of these hormones seems to be much more evident 
in Buerger's disease and Raynaud's phenomenon, less so in 
atherosclerosis, and virtually ineffective in diabetic 
ischaemic limbs.
Anabolic Steriods - Those used in vascular disease are 
mainly stanozolol (Stromba) and ethyloestrenol (Orabolin), 
the latter in combination with phenformin (Dibotin).
They have been shown to restore fibrinolytic activity in 
patients prone to arterial or venous occlusion. They 
have been found to decrease platelet adhesiveness and 
significantly increase plasma prostagandin-like activity 
(Jarrett 1981).
\
Detailed study of drug therapy and the action and interactions 
of various drugs is beyond the scope of this project.
iii. Invasive procedures - Various invasive procedures have 
been advocated to improve the circulation in the ischaemic limb.
(a) Phenol injection in the lumbar sympathetic chain - 
This produces results comparable to surgical sympathectomy. 
It is a simple procedure and can be carried out in an 
ordinary general hospital.
(b) Intra arterial perfusion with vasodilators - Admin- 
inistration of active vasodilator drug by oral or intra­
venous route may give rise to side reactions and thus
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diminishing its usefulness. If however the drug is 
given directly into the affected arterial tree proximal 
to the obstruction, it will have its maximum effect 
distally and will be metabolised at the periphery before 
it reaches general circulation, thus diminishing the 
risk of generalised side reactions (Rose 1979).
1000 ml of 10% solution of low molecular weight dextran 
in normal saline with thymoxamine hydrochloride 160 mg 
and 1000 units of Heparin has been recommended for 16 
hours, and the infusion is given continuously for 48 
hours. This has shown relief in more than half of the 
cases (59%). Intra arterial papaverine is also found to 
be useful in vasospastic conditions.
(c) Percutaneous dilatation of arteries - is another 
method of improving the circulation. It is done under 
local anaesthesia and the narrow blood vessels are 
dilated with the catheter through the transfemoral route 
(Clyne 1980). Though the procedure has shown encouraging 
results, it is not practical routinely.
(d) Epidural injection of morphine has been found use­
ful in relief of pain in an ischaemic limb (Layfield 1980), 
when other methods fail. This does not improve the 
circulation but relieves the pain.
iv. Surgical procedures - Surgical procedures to improve 
the circulation in the ischaemic limb can be grouped under 
two heads: (a) indirect and (b) direct surgical procedures.
(a) Indirect procedure to improve circulation is by 
lumbar sympathectomy. In the extremities blocking of 
the sympathetic system results in increased cutaneous 
blood flow. As there is concomittant cessation of sweat­
ing, the result is increased dryness and warmth in the 
skin. Almost all patients whose condition warrants post­
ponement or avoidance of vascular surgery are considered 
for sympathectomy. It has a definite role in the care 
of patients with ischaemic feet (imparator 1979).
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Results of sympathectomy are satisfactory in one half to 
two thirds of patients for relief of ischaemic pain at 
rest, and healing of ischaemic ulcers. Amputation could 
be postponed for some time, or a more distal amputation 
may become possible. The operative procedure consists 
of excision of pre ganglionic fibres found under the crus 
of the diaphragm together with paravertebral chain from 
the level of crus to the crossing of the iliac vessels.
The results, however, are not uniformly predictable, 
and may not be long lasting.
(b) Direct surgical procedures - These procedures are 
used either to restore the continuity of blood flow or 
to provide alternative channels.
(i) Embolectomy and thrombectomy help in restoration of blood 
flow by removing the embolus or thrombus.
(ii) Thrombo-endarterectomy - The artery is opened and its 
core is dessected out, separated and removed to restore the 
continuity of blood flow.
(iii) Grafting or bypass - An irreparably diseased artery is 
either replaced or bypassed. An autologus vein graft may be 
used, but as this is not always practicable synthetic tubing 
made of knitted or woven decron, teflon or other material can 
be used.
The longterm results of aorto-iliac reconstructive surgery for 
aorto-iliac block are excellent. They are usually only marred 
by progressive disease producing femoropopliteal occlusion at 
a later date. Immediate post operative success rate for femoro 
popliteal block, by vein bypass approachs 90%. Many cases fail 
in the first eighteen months after operation, and at the end 
of 5 years the success rate is usually only 50-60%. The results 
of thrombo endarterectomy are no better and dacron bypass gives 
the poorest result with 5 year success rate as only 20-30%, as 
has been described by Brian P Bliss (Bliss 1977).
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It is right to say that the more distal the vascular procedure, 
the higher are the chances of failure, both short and long term.
iv. Intra arterial dilatation - It was first described in 
1964 by Dotter and Judkins. Work of Gruntzig and Hopff (1974) 
resulted in the introduction of catheter with the inflatable 
balloon. This led to the wide-spread application of this 
procedure in iliac, femoral, renal and coronary arteiy occlusion. 
Gunn et al (1981) showed that 12 cases out of 14 showed good 
results with radiological evidence of improved blood flow 
(Gunn 1981).
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Chapter VII
Methods of investigating the state of circulation in the 
lower limb
Clinical assessment is the first and most important means by 
which the clinician, through careful history taking and clinical 
examination, can reach a conclusion as to the state of 
circulation in the lower limbs. These conclusions may not he 
accurate enough if follow-up, planning and possible surgical 
intervention is contemplated. Additional procedures are there­
fore required especially if they can provide a record for the 
comparison and follow-ups. A visual display of the state of 
the circulation is a better method. These procedures will be 
described in the following paragraphs. In general these methods 
can be classified either as non invasive or invasive. One of 
the current trends in medical technology is towTards non-invasive 
measurements. This has been stimulated by the need for exten­
sive long term monitoring of the circulation, and also by an 
awarenes.s of the trauma and introduction of infection that is 
often associated with the invasive methods of measurement to 
the already diseased blood vessels.
It is not the purpose of this study to present an exhaustive 
account of the methods used. The following are the commonly 
used non-invasive methods described in brief.
A. Plethysmography
One of the oldest methods of monitoring the blood flow, 
plethysmography is a non-invasive means of measuring the 
volume changes due to inflow of blood in the limb. It was 
originally developed by Swammerdam (1737) to record the volume 
changes associated with the contraction of isolated muscle. 
Essentially the technique consisted of surrounding the organ 
by a rigid fluid container. Swelling of the organ due to 
inflow of blood displaced fluid from the container and volume­
tric changes can be measured directly. Brodie and Russel in
61
1905 had suggested that venous occlusion in conjunction with 
the above technique made it possible to measure blood flow.
\ This estimation is carried out immediately following venous
occlusion while the arterial flow is causing the limb to swell. 
(Roberts 1974).
Various plethysmographic methods used for measuring the volume 
changes are as follows:
i* Volume displacement plethysmography - A typical 
plethysmograph is that described by Greenfield et al in 
1963 (Greenfield 1963). It is made of a rigid chamber 
with a vertical glass tube at the top and contains water.
As the limb in the plethysmograph swells, the water is 
displaced into the tube indicating the change in volume.
A water-filled plethysmograph is stable with respect to 
temperature but the hydrostatic pressure exerted on the 
limb can affect the flow, it could also introduce thermal 
problems if the water temperature is significantly differ­
ent from that of the limb. The temperature difference can 
also alter the flow pattern. They also lack the sensitiv­
ity needed for precise flow measurement and cannot record 
rapid volume changes (Dhan Inge 1970).
ii. Segmental plethysmography - The basic technique of 
venous occlusion plethysmography has been extended to the 
study of segmental limb flows by the use of additional 
arterial occlusion cuffs. Winsor in 1957 described the 
changes in the air pressure, in a cuff wrapped around the 
part of limb, to indicate the volume changes in that 
segment.
iii. Strain gauge plethysmography - A mercury gauge is 
made of silicon rubber tube of 0.8mm wall thickness and
0.5mm internal diameter. The tube is completely filled 
with mercury and is wrapped around the segment of the limb. 
The increase in the volume of the limb stretches the 
gauge and changes the electrical resistance of the mercury. 
This change is recorded by a Wheatstone bridge to indicate
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the volume changes. The main disadvantage is that the 
volume changes are not measured directly hut are deduced 
from the extension of gauge.
iv. Electric impedance plethysmography - The principle 
of this technique is that alterations in the hlood flow 
change the electrical resistance of the tissue. This 
change in the electrical resistance can in turn indicate 
the hlood flow7. A constant A.C. current is fed through 
two electrodes to the tissue segment. The drop in potent­
ial across the electrodes is recorded and since current
is known, the impedance can thus he measured. Further 
development in this technique is the four electrode tech­
nique, two electrodes are used to supply a constant 
current and two more to measure the potential difference 
between two points on the tissue surface. Geddes et al 
(1969) recognised ventricular fibrillations as the most 
dangerous hazard.
v. Capacitance plethysmography - This method is based 
on the change in capacitance between two electrodes, 
placed on either side of the segment, due to the increase 
in the volume of the limb, Fewing and Whelan (1965) im­
proved the basic technique by constructing an instrument 
in which the capacitance plates are held at a distance 
from the segment to allow ventilation and avoid excess 
pressure.
B. Ultrasonic technique
The use of ultrasound for the measurement of blood velocity 
was first reported by Satomura in 1959. It is a simple non- 
invasive technique for assessing arterial blood velocity and 
limb blood pressure in peripheral arterial occlusive disease 
(Barnes 1976).
Ultrasound permits the measurement of the dynamic velocity 
patterns and the limb blood pressure in the blood vessles 
which were previously inaccessible to other methods of invest­
igation.
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The Doppler ultrasound system is hased on the fact that when
observed from a static place, the frequency of the sound emitted
from a moving object or reflected by a moving object changes, 
and this change is proportional to the velocity of the moving 
object.
In its simplest form the instrument is a pencil probe with 
emitting and receiving crystals. The sound generated by the 
emitting crystal is in the range of 2-10MHz. The probe is 
linked to the skin via a water based gel.
Two types of procedures are described:
i, Doppler shift - The probe is placed with an angle on one
side on the skin over the blood vessel.
The ultrasound emitted from the hand-held probe is bounced 
back and is recorded on the receiving crystal with a change 
in the frequency. The frequency shift due to the moving 
blood cells is proportional to the velocity of the blood 
cells. The calculation of Doppler shift is based on the 
alterations in frequency between the emmitter and receiver 
transducers.
The Doppler Shift (Af) is given by 
Af = 2 fe U(cos 9) /c 
where fe is the frequency of emitted ultrasound, 
c is velocity of sound through the blood, 9 is the 
angle of the pencil probe and U is the velocity of 
blood.
ii. Continuous phase shift - In this technique two probes are 
used. They are placed on the skin on either side of the
c blood vessel at an angle. The' transmitted ultrasound is 
received by the receiving crystal on the other side of the 
vessel,in the second probe, in the direction of the flow. 
The process is reversed and the ultrasound transmitted 
by the second probe is received by the receiving crystal 
of first probe in the opposite direction of the flow.
There is a difference in time of arrival in both the 
situations. The difference in the time of arrival when 
the ultrasound is transmitted in the direction of flow and
64
against the direction of flow is proportional to the rate 
of flow.
In this system two difficulties arise: (i) Its inability 
to determine accurately the true velocity profile due to 
difficulties of extracting mean velocity across a vessel 
wall (ii) It is impossible, without a measurement of 
vessel cross section, to determine the volume flow.
Early work of Franklin in 1959, which was further developed by 
Perronneau in 1970 offered a solution to these problems. During 
the interval between two pulses, the transducer receives the 
echoes reflected from the vascular walls and then from the 
erythrocytes. An electronic gate selects the ultrasound 
reflected by the red cells at a given distance from the trans­
ducer and within adjustable field depth. This system can be 
used to obtain the velocity of discrete laminae along the 
diameter of a vessel and measurements can also be made of the 
vessel dimensions (Roberts 1974).
Pressure index - It is the ratio of systolic pressure in the 
leg with the systolic pressure in the brachial artery. This 
pressure index is well related with the degree of ischaemia.
Use of ultrasonic procedure in peripheral vascular diseases 
has largely concentrated on the indirect measurement of systolic 
pressure (Needham 1972).
A' doppler probe is very sensitive and can pick up a sound not 
normally heard or picked up by a stethoscope. In peripheral 
vascular disease the arteries are narrowed and blood flow is 
so reduced that the artery cannot be palpated. Even under such 
circumstances the systolic pressure in these vessels can be 
measured with a Doppler probe, which is used as a stethoscope 
to pick up the sound when the blood enters the artery as the 
cuff is gradually released.
As mentioned, the pressure index is well related to the 
ischaemia, as the ischaemia increases the pressure index 
reduces.
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C.- Temperature measurement as an indication of blood flow -
The temperature of an extremity is mainly dependent upon the 
warm hlood brought to it and the heat loss through the skin.
Thus, measurement of the temperature of the skin surface of a 
limb can indicate the adequacy of its blood supply (Lee 1973). 
Marked decrease in the temperature of a limb distal to a 
vascular block and the return of normal thermal pattern after 
restoration of blood flow have been observed. It is therefore 
logical to expect changes in the skin surface temperature of 
a limb to indicate (i) the development of collateral circulation 
following a blockage, (ii) the optimum site for an amputation 
and (iii) the effect of drugs and mechanical agents upon the 
peripheral vessels.
There are two main techniques which employ temperature measure­
ment to indicate blood flow in an extremity. The first uses 
thermoelectric thermometers such as thermo-couples and thermis­
tors, and the second technique is infra-red thermometery or 
thermography.
i. Thermo-electric thermometery - The measurement of 
skin temperature is a measure of the difference between 
the heat loss to the environment and that delivered to 
the skin by the blood. The temperature of the skin 
depends on; (l) the quantity of blood flow; (2) the degree 
of constriction and vasodilatation of capillaries or 
surface blood vessels; (3) number of capillaries function­
ing, and (4) the capillary blood flow. Provided the heat 
loss from the skin is at a constant level, the skin temp­
erature must be recorded in a controlled constant room 
temperature with constant humidity and the area must be 
exposed for at least twenty minutes before any reading is 
taken.
Despite these difficulties Sheard in 1931 and Whyte in 
1951 described and used thermocouples while Iierrik and 
Glarborg in 1949 used thermistors for the measurements 
of skin temperature (Woodcock 1975).
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At times it is difficult to interpret the skin temperature 
in terms of hlood flow, since the change in the temperature 
of the skin can occur independent of any change in the 
hlood flow.
ii. Thermography - Every object with a temperature higher 
than absolute zero emits energy by radiation from its 
surface. The measurement of temperature at a distance 
from a body depends on these radiations which have an 
energy spectrum in the infra red region of the electro­
magnetic radiation spectrum. This principle is used 
in various scientific (especially agriculture and marine) 
and military purposes.
Thermography is thus a photographic recording of the 
electromagnetic energy emitting from the skin surface 
as heat waves in the infra red wavelength range. Scan­
ning equipment designed to detect and measure this 
radiation, displays the temperature variation over the 
skin surface as a map, or "thermogram", provided the 
environmental conditions can be standardised (Park 1976).
Maxwell Cade in 1966 described the design requirements of 
a practical scanner to provide a visual display of 
temperature profile in the human body. They are: (l) the 
ability to resolve two points separated by a specific 
distance, (2) its capability of measuring small temperature 
differences, (3) the possibility of making thermal image 
in a time shorter than the body’s rate of change of 
temperature, and (4) its ability to show the site of 
immediate clinical interest without having to scan total 
surface0
In the instrument (developed by Smith industry) there 
is a mechanical chopper that interrupts the infra red 
radiations in front of the detector0 This results in an 
A.Co signal at the detector which is then amplified and 
rectified and either produces thermogram on an electro­
chemical sensitive paper or more usually, on a cathode
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ray tube which is then photographed.
Samuel (1969) discussed the use of thermography in the 
study of circulatory disorders in detail and described 
the lowering of temperature of the skin after vascular 
occlusion (Samuel 1969).
In the early 70’s thermography became popular as a diag­
nostic tool for detection of hot or cold areas on the skin 
surface conveying an underlying pathology. It proved 
useful in the early detection of cancer and secondary 
metastasis often before clinical symptoms became evident 
or revealed radiographically. One of the advantages of 
this technique is that skin pigmentation, which varies 
enormously among individuals, exerts no influence on 
emitted or absorbed infra-red radiation (Tancred 198l).
It lost its popularity because of some inherent dis­
advantages. The skin surface temperature is dependent 
upon various factors other than blood flow. These are 
mainly - atmospheric temperature, air circulation, humid­
ity, perspiration and many emotional factors. To nullify 
the effect of these factors the thermography requires a 
controlled ambient atmosphere, moreover, the' equipment is 
expensive and beyond what a general hospital can afford.
Currently this technique is being used to study lower limb 
ischaemia and amputation planning (Coddington 1981). All 
the atmospheric conditions are stabilised and the environ­
mental influence minimised by performing thermography in 
a room with a controlled atmosphere. The skin temperature 
distribution around the ischaemic limb was analysed in 
patients where the disease necessitated a below knee 
amputation. The thermography however is still not used 
to influence the decision of the surgical team to amputate. 
Dewar and co-workers noticed that the temperature of the 
skin in an ischaemic limb at anteromedial and postero­
lateral region was higher than anterolateral and postero­
medial regions. Accordingly skewed equal anteromedial
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and posterolateral flaps were designed for below knee 
amputation. Primary healing rate using skew flap procedure 
was 71$ compared favourably with 49$ for previous amputat­
ions carried out using long posterior flap technique 
(Dewar 1981).
iii. Liquid crystal tape - Liquid crystals are substances 
that behave mechanically as liquids and at the same time 
exhibit the optical properties of crystals. The cholest­
eric liquid crystals are the most optically active sub­
stances known to respond to changes in temperature by 
changing colour. By mixipg the cholesteric substances 
in various proportions, reproducible temperature colour 
combinations can be obtainedo Fergason was the first to 
indicate that these substances had a practical application 
in medicine.
Its use in peripheral occlusive arterial disease was 
suggested by Lee and co-workers in 1973 (Lee 1973). The 
liquid crystal tape was left over the ischaemic limb for 
several days. The tape was able to outline the areas of 
low temperature. It was also well suited for observing 
instantaneous temperature changes resulting from vaso­
motor responses to the treatment and thus indicating the 
changes in blood flow.
D. Magnetorheography - Okai and Oshima (Okai 1975) made an 
attempt to measure the blood velocity with the help of surface 
induced potentials,, When a limb is placed in a high magnetic 
field, the blood flow induces an electromagnetic force (EMF) 
which was detected with surface electrodes using the same prin­
ciple as for an electromagnetic flowmeter,, This system did not 
require the measurement of diameter and depth of blood vessel. 
They proved their experiment on the thigh of dogs and indicated 
that the blood flow may be estimated by the calculations from 
magnetorheography.(MRG)e
Apart from the above mentioned non invasive methods there are 
a few invasive methods to detect the state of circulation in 
the limb.
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A. Arteriography -
Radiological investigations of the arterial system in many by 
the contrast media dates back to the early 1920s. This was 
done after operative exposure of the artery. Major progress 
began in the 1940s by the development of percutaneous technique 
of arterial puncture to be followed in the 1950s by the develop­
ment of percutaneous techniques of arterial catheterisation 
based on the work of Seldinger in 1953 (Sutton 1972).
The radio-opaque dye is injected in the aorta through the 
lumbar route or directly in the femoral artery in the groin. 
Serial Xrays are taken at short intervals. These Xray pictures 
clearly define the state of arteries, their filling, extent 
of any obstruction and development or otherwise of the collater­
al circulation
The dynamic state of the circulation may be observed by the 
examiner or cine film recorded. Repeated arteriograms are 
especially useful in follow ups as an indicdiion of progress 
of say the collateral vessels or the blockage etc.
Arteriography is more use in detecting the patency or obstruc­
tion in a vessel than the actual rate of flow of blood0
Bo Clearance procedures -
Accumulation or clearance of an isotope in a limb is propor­
tional to the state of circulation. This is the principle 
for measuring the blood flow by this technique.
(i) Radioactive Sodium - (Na-24) -
Radioactive sodium (Na-24) is injected intraveneously 
and with a Geiger counter accumulation of sodium-24 in 
the lower extremity is recorded. This accumulation is 
dependent on the minute vessels, the vascularity of the 
area, and the permeability of the capillary endothelium.
An acceleration in rate indicates vascular dilatation 
and increase in capillary permeability. In an ischaemic 
limb there would be delayed appearance (Reinhard 1953).
Clearance of a diffusible tracer substance from a locus 
will depend on, and is a measure of, local circulation.
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This principle also utilises radioactive sodium to detect 
the circulation in the limb. Sodium-24 is injected in 
the calf and its rate of disappearance is recorded on a 
Geiger counter, indicating the state of circulation.
(ii) Radioactive Xenon - (xe-133) -
Xenon-133 clearance technique was described by Lassen 
and colleagues (YAO 1973). 0.5 millicurie of Xenon-133
dissolved in isotonic saline is injected into the 
lateral head of gastrocnemius muscle. The clearance of 
the isotope is measured with an isotope rate meter.
In a normal limb the xenon-133 clearance is 80% during 
a period of exercise and curve reached a steady state 
within two minutes. In an ischaemic limb the clearance 
is reduced to 50% during the period of exercise with a 
further decrease of 20% during the next three minutes.
C. Indicator dilution methods -
The dilution techniques are based on the principle that indicat­
or substances remain in the blood, but are diluted by mixing. 
Ficlc (1870) described that if a substance is added to the blood 
stream with a constant rate, the rate of flow of blood is in­
versely proportional to the substance in the downstream blood. 
The indicator, usually a dye, is more conveniently given as 
a single dose injection into a large vein and sampling is done 
from a peripheral artery. If the rate of flow is rapid, the 
appearance time of the dye is short, the dye did not get enough 
time to diffuse and has moved as a single mass and if the flow 
is slow the appearance time is prolonged, since the dye has 
diffused, so that the recorded curve is broad with a low peak. 
Thus the flow is inversely proportional to the area under the 
curve of indicator concentration.
The complicating feature in this procedure is the secondary 
wave of the dye caused by the dye reappearing at the sampling
site after circulating through the body.
D. Flow measured by pressure sensing technique -
Flow in a tube depends on (i) Pressure gradient at the two ends
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and (ii) Lumen of the tube.
Principle of thes-e flow meters is based upon the measurements 
of the pressure in the flowing fluid which may indicate the 
flow. Pitots flow meter is based on this principle.
E. Rotameters -
They were de^ veloped to measure the flow of gases and were first 
used by Gregg et al in 1942 to measure blood flow. The prin­
ciple was the same, the rise in the float or speed of the 
rotameter is proportional to the rate of flow.
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Chapter VIII
Historical development and theoretical basis of 
transcutaneous pO  ^ estimation
The key to understanding and managing the patient with 
periyjheral vascular disease is the ability to quantify the 
vascular insufficiency. This measurement would be a good tool 
in the diagnosis and total management of the patient. Various 
methods that may be used in clinical practice have been 
described in previous chapters.
The measurement of oxygen tension in the skin is a new approach 
towards the assessment of the local circulatory state. It can 
be easily presumed that oxygen tension measurement would be an 
accurate measure of the nutritional state of the skin or any 
other tissue, since it is clear that viability and metabolic 
state depends on the oxygen available to that tissue. In 
addition to the viability, oxygen tension measurement would, 
most likely, give an idea of healing potential of the wound 
in a case where surgery (amputation) is required. This inform­
ation could, in addition,be used as an indication for selection 
of level of amputation, thus hopefully avoiding or reducing 
the chances of failures and repeated surgical procedures.
Some idea of the oxygenation (overall oxygen utilisation) of a 
tissue may be gained from the measurement of the difference 
of oxygen level in the arterial and venous blood and the rate 
of flow of blood to the tissue, but a direct measurement 
should obviously be the best indicator of the oxygen availab­
ility on site. Moreover, the direct oxygen tension measure­
ment is a simpler procedure than measuring the difference of 
oxygen in arterial and venous blood.
Other methods which are included in the previous chapter do 
give some idea of the state of circulation in a limb i.e. the 
blood flow in a limb, they do not, however, indicate the 
nutritional state of the skin or tissues. A good blood flow 
to the limb does not necessarily indicate adequate nutrition 
of the tissues, as the blood may either be poorly oxygenated
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or bypass the tissues due to shunting.
The first measurement of oxygen tension in animal tissue was 
carried out by Davies and Brink in 1942. Montgomery and 
Horwitz in 1950 measured skin oxygen tension in normal vaso- 
constricted and vasodilated skin and in the skin of a patient 
with arterial obstruction (Spence 1976). The main problems 
which were noticed were that of tissue trauma caused by insert­
ion of large electrode and of the calibration of the monitoring 
system.
An electrode with platinum cathode and without protective 
membrane was used by some workers, as it was impossible to 
use a bare electrode in clinical practice due to alterations in 
stability and deposition of proteins. However many workers 
used the electrode covered with gas permeable membrane. This 
also had inherent disadvantages of decreased sensitivity and 
possible variation in the behaviour of the electrode due to 
membrane changes during insertion into the tissue.
The size of the electrode was an important factor. Spence and 
Walker in 1976 developed a micro electrode with a tip size of 
40-50 p m, a compromise between a very thin but fragile elec­
trode and a large traumatic one.
The oxygen tension was measured by a micro electrode based on 
the polarographic principle introduced by Heyrowsky (Hugh and 
Lubbers 1973). This required an electrode of a noble metal to 
be held at a negative potential with respect to a suitable 
reference electrode. Each electrode has a characteristic 
current/voltage curve or polarogram. With a potential of 
400-800 mV on the electrode, the current produced by the 
electrochemical reduction of oxygen is proportional to the 
oxygen partial pressure (Spence 1976).
The electrode used byj Spence consisted of a central platinum 
core insulated with glass. A 10mm length of pure degreased 
platinum wire of 15 p. m in diameter was welded to 20mm length 
of similar wire of 300 ja m in diameter. This was insulated 
with solder glass producing an overall tip of 50 p. m which
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was ground flat with a fine diamond wheel.The membrane was 
inserted by dipping the tip in a heated diluted solution 
of collodion in ethyl alcohol or ether. The solvent evaporated 
leaving a dried membrane. The electrode was then calibrated.
It was inserted into the skin via a hypodermic needle. The 
electrode was run to the depth of 2mra horizontally past the 
hypodermic needle.
He found the skin oxygen tension recorded on the limbs of 
healthy young adults to be 37+5 (SD) mm Hg.
As it is not possible to eliminate the effect of trauma where 
invasive techniques are used, attempts were made to develop 
non invasive techniques for measuring the skin oxygen tension.
Development of non-invasive technique
The fact that under special circumstances oxygen diffuses 
through the skin was first observed by Baumberger and Good- 
friend in 1951. They found that by immersing a finger in a 
phosphate buffer solution at 45°C, the oxygen tension of the 
buffer solution became, within 15 - 60 minutes, equal to the 
arterial oxygen tension (Delpy 1975).
Based on this principle Clark in 1956 constructed an electrode 
with platinum cathode and a silver anode covered with a 
membrane permeable to oxygen for monitoring blood and tissue 
oxygen tension transcutaneously.
In 1967 Evan and Naylor (Evan 1967) modified the Clerk's 
electrode for the TC pO^ measurement. They used platinum Avire 
25u in diameter as a cathode, sealed into 1mm bore glass tubing 
having an external diameter of about 5mm. The end of the 
electrode was ground flat and polished.
Electrical connection to the cathode was made by dipping a 
wire into the mercury column inside the bore of the glass tube. 
This electrode Avas fitted inside a glass tube and pressed 
against a polythene membrane, 12u thick, held at loAver end of 
the tube by an '0' ring. The tube Avas filled Avith electrolyte
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solution. The pressure of the electrode against the membrane 
was maintained by two tension springs stretched between a 
collar around the electrode and the electrolyte tube 
The anode consisted either of a coil of silver wire dipping 
into the electrolyte solution, or a separate calomel electrode 
connected with the electrolyte around the cathode by a thin 
polythene tube filled with electrolyte. A voltage of between
0.55 and 0.7 v was applied between anode and cathode, and the
electrode current was amplified and fed to a chart recorder.
The electrode was suspended with the help of a spring balance 
and fixed to the skin with the help of micropore surgical 
tape and a ring with guide pins.
They found the skin oxygen tension less than 3.5mm Hg in the case
of adults. This was confirmed in 1973 by Hugh and Lubbers 
(Hugh. Lubber 1973) who also used Clark type electrode.
These investigations showed low oxygen tension, indicating 
a small exchange of oxygen through the skin under normal 
conditions without any hyperthermia.
In 1973 Huch et al (Huch 1973) constructed an electrode and 
reported transcutaneous oxygen (TC pO^) measurements performed 
with a heated electrode showed TC p0o values were highly correl- 
ated with the simultaneously measured pO^ in arterial blood 
paO^. This could be explained by the theory that local hyper- 
aemia dilates the cutaneous capillaries to the extent that 
they contain arterial blood, and thus the diffusion of oxygen 
through the skin becomes almost equivalent to the pO^ in 
arterial blood (paO^).
The electrode constructed by Huch et al has three platinum wires 
as cathode, though in principle only one cathode is needed. 
Identical responses of two, if not all three channels, are 
proof that the electrode is correctly placed on the skin.
The wires are fused into glass and are connected separately.
This glass cylinder is fitted into one common silver anode.
The temperature of the electrode is maintained by means of a 
miniature thermistor which is situated near the surface of the 
silver ring.
The temperature near the cathode is maintained by a second 
thermistor placed centrally in the glass. The surface 
of the electrode is covered with two 12 u m thick membranes of 
teflon and cellophane. The latter is moistened in an electrol­
yte. The membranes are fixed to the electrode with an ’O’ ring. 
A second ring, which has a large circular surface for the 
fixation on the skin, is screwed onto the electrode. This 
outer ring is fixed on to the skin by means of double sided 
self-adhesive rings.
After fixing the electrode to the skin and switching on the 
heating the initial fall in TC pO^ level is seen, with a 
subsequent rise due to increasing vasodilation and soon a 
steady state is reached. TC pO^ can be evaluated by simple 
proportions using the calibration data. The decisive factor 
for measuring the TC pO^ value through the intact skin is 
sufficient hyper perfusion.
Various factors which influence the TC pO^ value and are 
described below (Huch and Iluch 77):
(i) Local heating - If transcutaneous pO^ (TC pO^) is 
measured using an electrode with a core temperature of 40 C 
and the temperature is raised in steps of 0.1° C to 45°C, 
then transcutaneous pC>2 actually measured increases more than 
can be explained by the simple temperature effect on the 
electrode itself. It is therefore understood that the flow 
of blood through the skin must have increased. As the temp­
erature is raised TC p02 increases steeply, starts to flatten 
off at 43°C and reaches a plateau between 44 and 45°C. This 
means that a further increase in temperature does not bring 
about an increase in blood flow. It has also been seen that 
this temperature is well tolerated by the skin even for a 
prolonged period.
As already mentioned, a plateau seems to have been reaching at 
43°C which could lead to this being the preferred temperature 
for clinical application as this would avoid any risk of skin 
damage. However under the conditions of hyperoxia TC p02
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values, which were obtained in the same way at 43°C are 
grossly underestimated, although in normoxia they differ only 
marginally from the 45°C. It is clear that under conditions 
of hyperoxia the perfusion is not sufficient enough to produce 
the necessary 'arterialisation’ of the capillary hlood at the 
temperature of 43°C. It is seen that under conditions of 
hyperoxia the plateau reaches a temperature of 45°C and hence 
this temperature is found to he the suitable temperature for 
P°2 recording without any risk of damage to the skin.
Lofgren et al (Lofgren 1977) also noticed that lowering the 
electrode temperature by 0.5°C from 45°C will influence the 
TC pC^ measurements by only a few mm Hg. A further lowering 
of electrode temperature by 1.0 or 1.5°C will give substantially 
lower TC pO^ levels. They also showed that the curves recorded 
at those different temperatures run closely parallel and that 
the reaction sensitivity of the electrodes were not signifi­
cantly influenced by the temperature within the range of 
43.1 - 45.0°C. They inferred that using a somewhat lower 
electrode temperature when recording TC pO^ in newborns 
would not seem to detract anything from the ability of the 
TC p02 monitoring method to yield sensible and reliable inform­
ation about even small alterations of the TC p02 level.
(ii) Compression due to the electrode - Weight of the elec­
trode can compress the cutaneous capillaries and alter the 
TC p02 readings. Various attempts have been made to eliminate 
the effect of the weight of the electrode. Evans and Naylor 
removed this pressure using a spring balance and by pulling 
it upwards to the level of the weight of electrode they were 
able to nullify the weight of the electrode over the skin.
Huch and Huch minimised it by casting the electrode in silicon.
Compression due to the weight of the electrode itself (about 4g) 
which is of the magnitude of O.Olg/mm , is in no way critical 
for capillary compression after thermally induced blood flow 
increases (Huch & Huch 1977). In an experiment conducted by 
them it was found that additional weight of 20g has no effect
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at all, 50g produces a moderate effect and lOOg producing
the pressure of .25 gm/mm reduces the TC pO^ value practically
to zero.
(iii) Oxygen Consumption by the electrode - Every oxygen 
electrode removes oxygen and thus alters the amount to he 
measured. The consumption by the electrode increases with 
thje size of the cathode. Thus consumption of oxygen by the 
cathode can be minimised by using a cathode of a very small 
diameter. The electrodes which were used by Huch and Huch 
have 15 p. m platinum cathodes with an oxygen consumption rate 
of the order of 0.015mm Hg per minute when pO^ is about 
100mm Hg. The oxygen consumption of the transcutaneous oxygen 
electrode can be easily ignored.
The effect of size of the cathode was studied by recording 
pOg on the same infant with electrodes having different size 
of cathodes, one 15 jli m thick and another 1000 p m thick while 
other conditions remained constant. It was seen that pO^ 
levels were much lower in case of cathode of a bigger size.
(iv) Respiration of the epidermis - It may not be possible
to lessen the effect of respiration of epidermis on the TC pO^ 
recording. The rate of metabolism of epidermis is rather 
increased due to the local temperature increase. The pO^ 
gradiant between capillary and skin surface caused by respira­
tion is found to be relatively small, in the region of 5mm Hg.
(v) Skin as a Membrane* - The signal measured in transcut­
aneous pC^ monitoring is a current caused by the reduction of 
oxygen at the cathode. The size of this current depends on 
the thickness of the membrane. If all other conditions remain 
constant a thicker membrane produces a smaller current. Gross­
ly simplified, the epidermis can be considered as a second 
membrane, not present in the in-vitro calibration of the elect­
rode, which changes the response time determined in-vitro and 
lowers the signal. It has been seen that the best correlation 
between TC p02 and pa02 (p02 in arterial blood) is obtained in
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newborn and premature babies. This may be due to the fact 
that they have very thin skin (Friis-Hansen 1977).
(vi) Age variation - Age variation of TC p02 recording was 
studied by Gothgen and Jacobsen (Gothgen, Jacobsen 1972).
They did the TC p02 recording on 20 patients admitted for eye
or ENT surgery without pulmonary or cardiovascular symptoms
or signs.
It was seen that TC pO^ falls with increasing age. By a 
linear regression analysis TC pO^ has the following relation 
to age:
TC pO^ = 10.4 - 0.035 x age (r = 0.406)
Arterial blood was also drawn and paO^ was measured. paO^ 
also falls with increasing age and the relation is shown in 
the following equation:
paO^ = 14.8 - .053 x age (r = 0.687)
TC pOg and paO^ values are measured in kPa units .
( 1 kPa =7.518 mm Hg )
TC pO^ was always found to be lower than simultaneously 
measured paO^. The difference between pa02 and TC pO^ 
decreased with increasing age.
The correlation between paO^ and age is better than the correl­
ation between TC pO^ and age. Furthermore the correlation co­
efficient between pa02 and TC p02 is 0.731. These deviations 
indicate that TC pO^ is dependent upon various other factors 
as has been described in this chapter. In healthy adults, 
however, the individual and age dependent deviations are so 
small that paO^ can be deduced from TC p02»
(vii) General Clinical conditions - TC p02 is also affected 
by a number of clinical conditions, which either affect the 
respiratory system resulting in poor oxygenation of the blood,
or circulatory system resulting in poor circulation of the blood.
Transcutaneous p02 measurement has now made it possible to
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monitor the arterial p02 continuously, in cases of infants and 
children suffering from respiratory diseases especially in 
idiopathic respiratory distress syndrome (IRDS). This system 
is also in use for infants and premature babies admitted in 
intensive care units where continuous monitoring of arterial 
P°2 was found to be of great importance.
Apart from the fact that this system can monitor continuous 
paO^, it is convenient as it is a non invasive procedure and 
does not cause any trauma.
Jacobsen (Jacobsen 1977) studied the transcutaneous pO^ 
measurements on adults. He found the TC pO^ was closely re­
lated to the arterial oxygen tension. He noticed that TC pO^ 
in adults was lower than paO^ unlike new borns where the TC pO^ 
values in general are higher than the corresponding pa02 values.
It is presumed that TC pC>2 is a useful indication of the body's 
capacity of delivering oxygen to the heated skin via the 
arterioles and capilliary network . Thus TC pO^ almost direct­
ly indicates the circulatory state of the skin. It is also 
reasonable to assume that the surgical success of an amputation 
to a great extent is assured if the skin heals adequately.
This naturally depends on an adequate skin circulation, the 
circulation of deeper tissues have a lesser role. A low 
TC pC>2 value is an indication of ischaemic state of the skin.
It can be concluded that TC pO^ level over a limb will be an
indication of healing potential of the wound following an
amputation of the limb. Thus theoretically TC p02 level can 
be a good guide in deciding the level of amputation.
Skin blood flow is stimulated by surgery and trauma much as 
it is stimulated by heat. Thus TC p02 value may reflect the 
local circulatory ability to respond to these stimuli, an 
important determination of local healing potential of the skin 
following surgery has been reported in the preliminary report 
by Matson et al (Matson 1978).
It may also be possible to use this technique to evaluate the
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use of certain drugs e.g. Naftidrofuryl (Praxilene) which 
are often used by surgeons before amputation and are alleged 
to improve the metabolism (or circulation) of the limb at 
cellular level. These drugs should theoretically enhance 
TC pO^ level in the skin.
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Chapter IX
Organisation of the Experimental programme
The objective of the present study was to determine whether 
or not the transcutaneous pO^ estimation can be a meaningful 
investigation in the selection of the optimum level of amputa­
tion, as distal as possible, with maximum chances of primary 
healing, and produce a stump suitable for the modern prosthesis. 
In addition the author would be using this technique to evalu­
ate the action of Naftidrofuril (Praxilene - Lipha) in ischaemic 
limbs.
In the study 40 elderly patients of either sex, suffering from 
peripheral vascular disease and having an ischaemic limb, and 
who were likely to undergo amputation, were included from 
the Limb Surgery Unit and other wards of Queen Mary’s Hospital. 
Children and young adults were not included.
A commercially available TCM 1 TC oxygen monitor was used to 
record TC p02 levels. This instrument is described in detail 
in the following chapters.
In the patients, being prepared for below knee amputation, the 
TC pO^ levels were recorded 10cm (4 inches) and 18cm (7 inches) 
anteriorly and posteriorly below the knee joint. The choice 
of these levels was made so as to indicate the nutrition of 
the skin at, or as near as possible to, the line of incision 
commonly chosen by surgeons in present day techniques for 
amputations.
A completely non-ischaemic site for further TC pC>2 recordings 
5 - 8cm (2 - 3 inches) below the midclavicular point was chosen 
as a control site for readings.
All the experiments were conducted personally by the author 
on patients within the normal environmental conditions of the 
ward. Patients remained lying in the bed in the supine position 
during the recording and remained as far as possible in a state
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of physical and mental rest.
The experimental technique is described in the following 
chapter.
The experiment was repeated with the control groups of elderly 
volunteers as well as young volunteers. These volunteers 
were of either sex from the staff in the Limb Fitting Centre.
The TC p02 recording on these groups was also done in the same 
way as with the patients.
After having completed the TC pO^ recording on the patients,
10 patients were selected from them for continuous intravenous 
infusion of Naftidrofuryl (Praxilene). The dose as recommended 
by the manufacturer is 400mg in 500ml of saline or 5% glucose 
solution in 12 hours for 5 to 10 days (minimum 3 - 5  days).
After this course of praxilene the measurements were repeated 
and the TC pO^ readings were again recorded on the same sites.
The experiment was repeated after surgery on the patients who 
underwent vascular reconstructive surgery and on whom the 
TC pO^ levels were recorded earlier.
As a matter of interest a few more TC pO^ readings were 
recorded at various other sites, such as the dorsum of the 
foot, medial aspect of the knee, high above the knee anterior­
ly and posteriorly and so on. For the patients likely to under­
go above knee amputation, TC p02 recordings were done 10cm 
(4 inches) above the knee anteriorly as well as posteriorly.
TC pO^ readings were also recorded on 25 stumps 2.5cm (l inch) 
below and above the scar/suture line following amputation 
(below knee) and also the control site readings were recorded 
at the same time.
The data thus collected was then tabulated and analysed.
The technique was compared with the other existing techniques 
for determining the site and level of amputation at present
used in surgical practice, conclusions are drawn and recommend­
ations are made. ;
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Chapter X
The apparatus
The continuous, non-invasive, transcutaneous oxygen monitoring 
is based upon the use ol TC pO^ electrode and TCM - 1 oxygen 
monitor.
TC pOr, electrode
TC p02 electrode is a Clark type oxygen electrode. It is 
rounded in shape, 9mm in diameter and 10mm in height and is 
shown in Fig. 4.
The electrode combines a heating element, a temperature sensor 
and a Clark type oxygen sensing part.
The oxygen sensing part of the TC p02 electrode consists of 
a combined platinum cathode and a surrounding silver anode 
covered by an oxygen permeable hydrophobic membrane.
A reservoir of phosphate buffer and potassium chloride is 
trapped inside the electrode.
A schematic diagram of the electrode is shown in Fig.5. The 
electrode consists of a 20 p platinum cathode in glass (6) and 
a surrounding silver anode (7). The silver anode has a groove 
all round which functions as an electrolyte chamber (10). The 
electrodes are covered by a 12 p cuprophane spacer (5) and a 
25 p Teflon oxygen permeable membrane (4) which is secured and 
kept in position by an 0-ring (3). A small heating element (8) 
for measurement and control of the temperature are located 
inside the silver anode. During in vivo measurement, the heat 
generated by the heating element is transferred, via the 
silver anode, through the spacer and membrane to the skin 
surface. The electrodes, the heating element and resister 
are kept in position by casting them in silicone and fixed in 
position by epoxy resin (l). The electrode is retained in 
position with the help of retaining ring (2), into which the 
electrode is screwed (shown in Fig. 4). A double sided self 
adhesive ring keeps the retaining ring attached to the skin. 
Total diameter of the retaining ring is 25mm and total height 
is 10mm.(Vesterager 1977). The weight of the electrode without
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FIG. 4. Electrode with fixation ring
tc - P 0 2 e l e c t r o d e
o
1
2
3
U
5
1 Epoxy resin 6 Platinum cathode
2 Retaining ring 7 Silver anode
3 0 -ring 8 Heating element
U Teflon membrane 9 NTC resistor
5 Cuprophane spacer 10 Electrolyte chamber
FIG. 5. Schematic diagram of electrode
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fixation ring is 2.8g.
Functional Description
The measurement of pO^, defined as the partial pressure (or 
tension) of oxygen, is performed as a direct polarographic 
measurement based on an electrochemical electrode chain con­
sisting of a platinum cathode and a silver anode. The ideal 
polarogram (a graphic representation of a polarographic current 
generated between cathode and anode as a function of applied 
cathode voltage) will for this electrode chain signify that 
the polarographic current is directly proportional to the 
oxygen concentration in the sample. In practice, the oxygen 
measurement is therefore performed as a current measurement 
at a constant electrode potential of about 0.6V.
Heating of the electrode is. performed by a small heating 
element placed inside the silver anode. The temperature of 
the electrode is sensed by a high precision NTC resister built 
into the silver anode. Due to the high thermal conductivity 
of silver, the NTC resister will quickly respond to any changes 
in temperature either due to the heating element or heat of 
the blood flow. The control * system of the monitoring unit 
maintains the temperature of the electrode and the skin at a 
constant level, equal to the preset value on the TEMP knob 
of the oxygen monitor (TCM-l).
Any change in the temperature (due to blood flow) will lead 
to the change in the heat consumption to keep the temperature 
of the skin at a constant level. This change in heat consump­
tion can be read on HEAT display which may possibly be used 
as a relative measure of local blood perfusion.
TCM 1 TC oxygen monitor
The TCM 1 TC oxygen monitor is shown in Fig. 6, and Fig. 7 shows 
the TC pO^ recording in progress. The three displays with 
annunciator lamps indicate (from left to right) the TC pO^ in 
mm Ilg, the electrode temperature in °C and the heat consumption
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of the electrode in mW. The displays can be turned off with 
the DISPLAY ON/OFF push buttons at the bottom right on the 
front panel.
The TC pO  ^Channel - This displays pO^ in mm Ilg. The range is
-20 to 2799 mm Ilg. TC pO^ Channel is equipped with the
following controls -
A pO ZERO adjustment knob for calibrating the 
2
pO^ display to zero against an oxygen-free solution.
A pO^ ADJ control knob for setting the display to 
a value of the high pO^ calibrating solution or 
with atmospheric air in contact with the electrode.
A pO^ SET LOW adjustment knob is used to set the 
low value for which an alarm is desired, when this 
value is exceeded, the low annunciator lamp on 
the pOg display light and alarm is turned on.
A pO^ SET HIGH adjustment knob is used to set the 
high pOg value for which an alarm is desired.
When this value is exceeded, the high annunciator 
lamp on pO^ display lights, and simultaneously the 
main alarm button will flash and alarm is turned on.
The temperature channel
The TEMPERATURE display will show the actual temperature of 
the electrode in °C. The range is 35° to 45°C.
The temperature channel is equipped with one control only:- 
A TEMP adjustment knob for setting the desired 
temperature of the electrode during in vivo measure­
ments. When HEAT is switched on, the control will 
ensure that the temperature of electrode remains with­
in +0.2°C of the preset value.
The out-of-range lamp on the TEMPERATURE display 
will light when the temperature of the electrode 
deviates by more than 0.2°C from the preset value, 
and the main alarm button will begin to flash.
The heat channel
The HEAT display shows the actual heat consumption of the
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electrode in mW i.e. the power needed to maintain the electrode 
temperature at the level preset with the TEMP adj. knob. The 
range is 0 to 800 mW.
A HEAT ON/OFF knob - for switching on or switching 
off the heat input into the electrode.
A MAX HEAT adjustment knob. The heat consumption 
cannot exceed the value preset with this knob which 
thus serves as an additional precaution against 
failure during in vivo measurements and as a safe­
guard against temperatures that would be harmful to 
the skin.
The annunciator lamp in the display will light 
when the preset maximum heat consumption is reached 
and the main alarm button will flash.
Environmental requirements of TCM-1 Monitor are ambient temp­
eratures of 15°C to 30°C and relative humidity of 20% to 80%.
The schematic diagram of the monitor is shown in Fig. 8 and a 
simplified circuit diagram of the measuring channels and their 
inter-connections with the TC pO^ electrode as given by the 
manufacturer is reproduced as appendix A. Each of three 
channels - viz the pO^ amplifier circuit, the temperature 
measuring circuit, and the heat circuit, is mounted on a sep­
arate plug in the print card. The first section of each 
measuring circuit is galvanically isolated from the remainder 
by means of transformers in which the current switches at a 
frequency of approximately 5 KHz. Zero point and gain are 
changed by means of adjustment controls adjacent to the sub­
sequent amplifiers. This arrangement ensures that the part of the 
measuring channel that is in direct contact with the patient 
via the electrode has small physical dimensions so that only 
low capacitance exists between the patient and the instrument.
In conjunction with the galvanical isolation , this feature 
safeguards the patient against AC or DC currents in accordance 
with the requirements for patient safety during in vivo 
measurements. (TCM 1 operating instructions.)
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TEMPERATURE
SET HIGH
DANGER
POSSIBLE EXPLOSION HAZARD IF USED IN 
THE PRESENCE OF FLAMMABLE ANESTHETICS
Fig. 8. Schematic diagram of TCM1 TC oxygen monitor - 
front panel.
1. PO^ display. 8. HEAT display.
2. PO^ ZERO adjustment knob. 9. HEAT On/Off knob.
3. PO^ ADJ. knob. 10. MAX HEAT adjustment knob
4. SET LOW adjustment knob. 11)
12) DISPLAY ON/OFF pushbuttoi
13)
5. SET HIGH adjustment knob. 14. ALARM ON/OFF pushbutton.
6. TEMPERATURE display. 15. Hinged front panel flap.
7. TEMP, adjustment knob. 16. POWER ON/OFF pushbutton.
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The reagents
The reagents used in the TC pO^ estimations are:- 
i0 Electrolyte.
ii. Zero solution.
iii. Contact gel.
i. Electrolyte - Electrolyte is required for the preparation 
of electrode. It is stored at room temperature. Its com­
position in grams per kilogram of water is as following:-
DISODIUM HYDROGEN PHOSPHATE DIHYDRATE 53.1
POTASSIUM DIHYDROGEN PHOSPHATE 26.0
POTASSIUM CHLORIDE 1.04
THYMOL, SATURATED (Germicide).
It is provided in bottles of 20ml and is ready for use.
ii. Zero solution - This is also called oxygen-free solution. 
It is provided in ampoules of 3ml and has the following com­
position in mmol' per kilogram of water:-
SODIUM TETRABORATE 10
SODIUM SULFITE 100
iii. Contact gel - This is used as a medium of contact between 
the skin and the electrode during TC pO^ measurements. It is 
provided in bottles of 10ml. Its composition in grams per
kilogram of gel is as following:-
DISODIUM HYDROGEN PHOSPHATE DIHYDRATE 9.30
POTASSIUM DIHYDROGEN PHOSPHATE 1.79
SODIUM CHLORIDE 9.03
GLYCEROL 489
DEIONIZED water 489
The germicides METHYL-4-HYDROXY BENZOATE and 
PROPYL-4-HYDROXY BENZOATE have been added. (TCM 1 
operating instructions.)
Preparation of electrode for TC pOp recording
Before mounting a new electrode or an electrode which has not 
been in use for some time, it should be polished with the 
polishing powder provided with the equipment.
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i. Polishing - The TC pO^ electrode is a current generating 
electrode and deposits of silver will occur at the platinum 
cathode. Most of the silver deposits will he located in the 
spacer, which will automatically be removed when changing the 
membrane. Minor deposits of silver on the platinum cathode 
cannot be avoided. The electrode should consequently be polished 
once every six weeks.
The electrode plug is pulled out from the TC pO^ terminal on 
the rear of the monitor. The O-ring, membrane and spacer are 
removed. The electrode is rinsed with deionised water. A 
small amount of polishing powder is taken on a rubber stopper 
and a drop of deionised water is put over it. The electrode 
is then polished for about 15 seconds and finally rinsed care­
fully making sure that the polishing powder is completely 
removed. Excess water is then wiped off.
ii. Preparation - The electrode plug is inserted in the 
TC pOg terminal and the electrode is seated with its anode 
side upwards in the recess in the bottom part of the membrane 
mounting tool. By means of a pair of tweezers the O-ring tool 
is withdrawn from its spring loaded seat in the large black 
cylinder of the mounting tool. A new O-ring is then slid onto 
the O-ring tool from its tapered end and the tool is reseated 
in the cylinder.
A drop of electrolyte is spread on the contact surface of 
the electrode by means of a syringe so that it flows into 
the circular groove in the anode. Backing paper from a trans­
parent cuprophane spacer is removed and the spacer is placed 
in the middle of the electrode tip. Care is taken that no 
air is trapped in the electrolyte underneath the spacer.
A precut membrane is placed over the tip.of the electrode.
The black cylinder with the O-ring tool is inserted into the 
bottom part of the mounting tool and is pressed down as far 
as it goes. The black cylinder is then removed; the O-ring 
should now be seated in the groove of the electrode. The 
electrode is always stored in the recess of the bottom part 
of the mounting tool until used for measurements.
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iii. Sterilisation - If it is necessary to sterilise the 
prepared TC pO^ electrode, this should be done by cold steri­
lisation by using a water solution of activated dialdehydes.
The electrode cannot tolerate temperatures exceeding 70°C.
Storage - The prepared electrode can be stored in the 
mounting tool for short durations. The electrode once 
assembled can be used for five days. If the electrode is not 
to be used for a long time, it is disassembled and rinsed in 
water and stored dry, and the power to the monitor is cut off.
v; Calibration - The electrode is kept in the recess in 
the bottom part of the mounting tool. By means of TEMP knob 
on TCM 1 the desired temperature is adjusted (e.g. 45°C) and 
the heat switch is turned on. As the temperature goes up 
the pOg reading also rises. After the temperature reading is 
stabilised the pO^ reading is adjusted to 157 by moving the 
pOg ADJ knob. A drop or two of zero solution from the freshly 
broken ampoule is placed over the electrode. The pO^ reading 
will soon fall. At the end of two minutes the pO^ reading 
is adjusted to zero, the electrode is then wiped and rinsed 
with water and wiped again. The electrode should not be 
allowed to remain in contact with zero solution for more than 
three minutes. Electrode is again kept in the place in the 
mounting tool and the p02 reading is again adjusted by pO^
ADJ knob to 157 which is the partial pressure of oxygen in 
the atmosphere. After the calibration pO^ ZERO and pO^
ADJ knobs should not be touched.
It is important to maintain the polarisation voltage in the 
electrode, it is essential that the TCM 1 arid the electrode 
are not disconnected.
There is a possible explosion hazard if the oxygen monitor is 
used in the presence of inflammable anaesthesia. Due to the use 
of hyperthermia for producing local and continuous hyperaemia 
adjacent to the electrode, a certain risk of obtaining temp­
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eratures -that are harmful to the skin is always present, 
although this risk is limited. However in special circum­
stances e.g. patients in shock, patients.with low blood 
pressure and patients with vascular constrictions, special 
care should be taken.
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Chapter XI
The Experiment 
Selection of the sites for pOp Study
Four arbitrary levels were selected for the patients who 
were likely to undergo below knee amputation. These levels 
were:-
i. 4 inch (lOcm) below the knee joint - anteriorly.
ii. 4 inch (lOem) below the knee joint - posteriorly.
iii. 7 inch (l8cm) below the knee joint - anteriorly.
iv. 7 inch (18cm) below the knee joint - posteriorly.
These levels were selected with the view that the incision
line for the below knee amputation would fall, in a long
posterior flap technique, at or very close to 4 inches below 
the knee on the anterior aspect and 7 inches below the knee 
on the posterior aspect. The other two sites i.e. 7 inches 
anterior and 4 inches posterior were taken for comparative 
study.
In the patients who were likely to undergo above knee amputa­
tion, the levels at which pO^ was estimated were:-
i. 4 inch above knee - anterior
ii. 4 inch above knee - posterior.
Here also the incision will most likely pass through these 
points.
Before the sites for TC pO^ were finally decided, the author 
recorded the TC pO^ readings at 4" BK anteriorly and posterior­
ly, 10” BK anteriorly, anterior to the ankle and dorsum of 
the foot in a patient who was waiting for below knee amputation 
(BK). Measurements were also made 4" AK anteriorly and post­
eriorly, 5" AK anteriorly, 6" AK anteriorly and 7” AK anterior­
ly in one patient who was awaiting above knee amputation (AK).
Recording at one site takes approximately 35 to 45 minutes.
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Total duration for all the recordings as mentioned above took 
about 7 hours for the BK case and about 5 hours for the AK
o
case.
It was thus found to be practically impossible to do the 
recordings at all the sites mentioned above. It was then 
decided to do the readings at 4" BK anteriorly and posteriorly, 
and 7" BK anteriorly and posteriorly for below knee amputation
and 4" AK anteriorly and posteriorly for above knee amputation.
In a few selected cases as a matter of interest the pO^ record­
ing was done at other sites such as dorsum of foot, at a
higher level above the knee joint or any other site depending
upon the proposed amputation by the surgical team in the Limb 
Surgery Unit.
TC p(>2 readings on the ischaemic limbs are expected to be low 
due to the existing disease. To assess the degree of circula­
tory insufficiency these readings can be compared with the 
TC pO^ readings at the same sites on healthy individuals. 
Another way of making the comparative study is to record the 
TC p(>2 reading on the same individual at a place where the 
circulation is normal which can be termed as control site.
The position of the electrode for control readings found to 
be most suitable was over the chest (Huch & Lubber 1973).
Quite similar results were obtained when the electrode was 
placed on the upper part of the thorax or on the lower part 
of the abdomen under normal conditions, but when breathing 
pure oxygen a better correlation to paC>2 was found on the 
upper part of the thorax than on the lower part of the abdomen 
(Friis-Hansen 1977).
For matter of convenience the site for the comparative study, 
the control site, was selected 2 to 3 inches below the mid 
point of the collar bone (mid clavicular point).
Following amputation, the TC p02 levels were recorded just 
above and below the suture line. This was done a few days
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following amputation and also on mature stumps to find out 
the minimum TC pO^ level that corresponded with healing.
Experimental Technique
The patient for TC pC^ recording was allowed to stay in bed 
in a supine position, and the limb was kept exposed. The 
electrode was prepared and calibrated as described in the 
previous chapter and kept in the mounting tool. In the 
monitor, the temperature of the electrode was set at 45°C and 
maximum heat was set at 500mW. The pC^, temperature and heat 
display buttons were switched on.
The site for TC pO^ recording was cleaned with spirit or dry 
swab. The area was shaved if hairy to prevent the leakage 
of air to the electrode. One side of the double sided adhesive 
tape was fixed to the electrode fixation ring. The electrode 
fixation ring was then fixed to the skin at the selected site 
which was marked for TC pO^ recording. A few drops of contact 
gel were put over the skin in the electrode fixation ring.
The electrode was then fixed to the skin by screwing it into 
the threads of electrode fixation ring. The electrode lead 
was kept in position with the help of adhesive plaster without 
undue twist or tension over the skin where the electrode was 
attached. Fig. 7 shows the TC p02 recording in progress.
HEAT ON/OFF knob was turned on. Heat display then showed 
the figure of 500mW. The temperature of the electrode started 
increasing gradually, which was recorded from 35°C onwards at 
5 second intervals until it settled at 45°C. It did so initial­
ly with a faster rate and then with a slower, rate. The temp­
erature of the electrode went up to 45.3 or 45.4°C before it 
settled at 45°C.
As the temperature of electrode reaches 45°C, the heat consump­
tion which was initially 500mW started falling, at a faster 
rate in the beginning and with a slower rate later on. These 
readings were also recorded every 5 seconds.
This 5 second interval recording was done with the aim of 
studying -the rate of rise in temperature of electrode and rate
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of fall in energy consumption after the temperature of elect­
rode reached 45°C. They can he converted to graphic form and 
a better visual representation can be obtained.
These initial 5 second interval recordings were done for a 
period of only 6 minutes. After this all the three readings
i.e. TC pOgj TEMP (temperature of electrode) and HEAT (energy 
consumption by electrode) were recorded every minute for a 
total duration of 25 minutes, the temperature of the electrode 
of course remains constant at 45°C.
The period of 25 minutes was extended for some more time if 
the readings did not stabilise, though this situation was not 
common.
The TC pO^, temperature and heat readings were recorded by 
the author in a chart which has been displayed as appendix B.
After the TC pO^ readings stabilised, the patient was asked 
to inhale oxygen through a face mask at the rate of 4 litres 
per minute. pO^ and HEAT readings were recorded for a further. 
10 minutes.
This completed the readings at one site. Following this the 
HEAT switch was turned off. The electrode was removed from 
the site of recording by unscrewing it from the electrode 
fixation ring. It was then fixed to the other site of 
recording.
After completion of the recordings the electrode was rinsed 
with water and wiped with the swab and stored in the electrode 
mounting tool.
If the second case was to be done simultaneously, the electrode 
drift was checked and if present, corrected. It was done by 
switching on the HEAT switch and after the electrode stabilised 
at 45°C the pOg reading was brought to 157 by turning the pO^ 
ADJ knob. The monitor (and electrode) was then ready for record­
ing on the next case.
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Chapter XII
Theoretical Concept
It is important when performing an amputation, especially in 
an ischaemic limb, for the surgeon to aim at preserving 
maximum length consistent with high likelihood of primary 
healing. This offers good rehabilitation prospects. This in 
effect means amputation below the knee whenever possible and it 
is at this level that the healing potential is critical and 
the clinical judgement is very important.
Healing depends upon the nutritional state of the tissues and 
this in turn depends upon an adequate circulation of blood. 
Various procedures to measure the circulation, such as angio­
graphy, plethysmography and doppler ultrasonic procedures, 
give some information about the state of circulation in the 
major blood vessels but do not give precise information about 
the circulation and microcirculation in the skin. Thermography 
gives information about the temperature of skin which is 
indicative of circulation in the skin, though the skin temp­
erature also depends upon atmospheric temperature, air circula­
tion, perspiration and humidity. Hence thermography may not 
be an accurate guide to the circulation in the skin without 
a control over these factors.
In spite of all the investigations mentioned above there are 
significant numbers of failures following amputation in 
ischaemic limbs. Hence there is a need to develop a simple 
and direct procedure to detect the healing potential of the 
skin; since it is reasonable to assume that surgical success 
of an amputation to a great extent is assured if the skin 
heals adequately.
It has been described in the previous chapters that healing 
is dependent on the amount of oxygen available to the tissues. 
The oxygen brought by the blood is utilised in the healing 
process and also diffuses out through the skin under special 
circumstances (iluch 1977). The oxygen diffused is proportion­
al to the amount available to the skin, which can be measured
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by the Clarks type of electrode and monitor. It is a known 
fact that hyperaemised capillary blood gives a reasonably 
accurate picture of arterial blood so far as blood gases are 
concerned. By applying local heat, the skin capillary blood 
flow can be so increased that it has been proved possible to 
measure arterial values on the skin. This principle is shown 
in Pig. 9.
There may be a critical value of partial pressure of oxygen 
measured transcutaneously (TC pO^) which would indicate that 
sufficient oxygen is available for wound healing.
Thus TC pOg value may indicate whether wound is going to heal 
or not following an amputation if the TC pO^ is measured at 
the site of incision for amputation. There may be another 
critical level of TC pO^ below which the wound would not heal. 
Between these levels there may be an area of uncertainty 
where the wound may or may not heal. If these critical levels 
could be known one could be more sure of primary healing by 
performing the amputation at the level where TC pO^ is adequate 
and failures could be reduced by avoiding amputation at the 
site of low TC pO^ level. It might thus be possible to per­
form the initial amputations at the sites where the chances 
of healing are better rather than risk failed amputations at 
lower levels.
The outer layers of the skin act as a partition between skin 
capillary blood flow and the external atmosphere. According 
to the principles of thermodynamics the heat would flow from 
the skin surface to the blood if the temperature of the skin 
surface is higher than the blood.A similar situation occurs 
while recording TC pO^. The electrode keeps the skin surface 
temperature constantly at 45°C, and there are capillaries 
underneath, carrying blood at a lower temperature .
If the circulation of the skin underneath is good, the circula­
ting blood being at a lower temperature will take away some 
heat from the electrode and the energy requirement to keep 
the temperature of electrode constant at 45°C will be higher.
In other words the energy input should be higher if the 
circulation is good. On the other hand the requirement of
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Fig. 9. Schematic diagram of principle of 
TC PO^ recording
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energy should he less if the circulation is poor because the 
blood would not be taking the heat away as it did in earlier 
situations.
It might be possible to establish the healing potential follow­
ing an amputation by analysing the heat input (m\V) required 
to keep the temperature of electrode at a constant level (45°C). 
Thus it is suggested that it might be possible to find out 
(i) the level of pO^ measured transcutaneously and (ii) the 
energy required to maintain the temperature of the electrode 
and correlate these figures with healing potential of the 
wound if amputation is done.
The author would conduct the experiment on 10 patients before 
amputation and withhold the results from surgical team, to be 
correlated with the results of amputation following the 
surgeons independent judgement. For the next 10 patients the 
TC pO^ readings would be passed on to the surgeon and he 
(surgeon) would be requested to amputate at the level which 
showed a TC pO^ value high enough to be compatible with heal­
ing and then again the results of surgery would be correlated 
with the TC pO^ readings. This should ultimately indicate 
the validity of TC pO^ and energy input (Heat input) readings 
in deciding the level of amputation.
It has been mentioned in a previous chapter that the require­
ment of oxygen for the healing process is more than the 
requirement for viability and it is therefore theoretically 
possible to enhance healing by improving the oxygen supply.
The effect of various drugs like Naftidrofuryl (Praxilene), 
which has been said to improve local perfusion and metabolism, 
might also be confirmed by seeing the enhancement in TC pO^ 
readings.
The author hoped to indicate that TC pO^ estimation can be 
a meaningful investigation in deciding the level of amputation 
which would heal primarily.
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Chapter XIII
The experiment, analysis and discussion
Before the experiment was conducted a short medical history 
and clinical examination was carried out and recorded on a 
form shown in appendix C.
The experiment was conducted in the usual environment of the 
ward. The patient remained lying supine and the limb was 
kept exposed. TC pO^ levels were recorded 4 inches (lOcm) 
and 7 inches (18cm) below the knee joint anteriorly as well 
as posteriorly. TC pO^ was also recorded at 2 to 3 inches 
(5 to 8cm) below the midclavicular point as a control.
The electrode was fixed to the site of recording and the HEAT 
was turned on. The temperature of the electrode gradually went 
up. The temperature of electrode was recorded at every
5 seconds interval from the temperature of 35°C onwards till 
it settled at 45°C. The heat input was also recorded at 
every 5 seconds interval after the temperature of electrode 
reached 45°C. These recordings were done for a period of
6 minutes. From seventh minute onwards TC p02, electrode 
temperature and heat input readings were recorded every minute 
for a period of 25 minutes. After this period the patient 
was asked to inhale oxygen-enriched air (40$ oxygen) through
a face mask. TC p02 and heat input readings were further 
recorded for a period of 10 minutes.
All these readings were recorded in a chart which has been 
displayed as appendix B.
This procedure was repeated with all the patients included 
in the study.
Graphic representation of the experimental results
The readings as recorded on the chart during the experiment 
are presented in graphic form.
Electrode temperature and heat input, which were recorded at 
5 seconds interval for the first 6 minutes, are represented 
in a single graph. TC pO^ and Iieat input after 6 minutes 
until the completion of experiment are represented in
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separate graphs. These 2 graphs also include the readings 
following oxygen inhalations.
General characteristics of the graphic representation of 
Electrode temperature and Heat input - during first 6 minutes - 
A typical graph (graph l) is shown on page 106. The Electrode 
temperature and the Heat input to maintain the temperature 
of the electrode at 45°C are shown on the ’y" axis (ordinate), 
and the time on the fx ' axis (abscessa).
Electrode temperature - The temperature of the electrode 
gradually increases from 35°C. The rate of increase is 
greater at the beginning and it gradually reduces as the 
temperature nears 45°C. Electrode temperature further goes 
up to 45.3 or 45.4°C and drops to 45°C.Thereafter it remains 
constant. It takes less time for the electrode at the control 
site to reach the temperature of 45°C as compared to other 
sites. The electrode at 7" below knee anterior takes maximum 
time. Average time taken by electrodes to reach 45°C is 
1.5 minutes and the range is 1 - 4 minutes.
This may indicate that the electrode takes less time in reach­
ing the temperature of 45°C at a site where the circulation 
is expected to be better.
Heat input - Heat input remains constant at a preset level of 
500mW until the temperature of electrode reaches 45°C. As 
the temperature of the electrode reaches 45°C the heat input 
falls. The rate of fall is greater in initial stages but 
gradually slows down and by the end of 6 minutes the curves 
take almost a horizontal shape. This process is faster in 
control sites and slowest at 7" below knee anterior.
The levels of heat input at the end of 6 minutes also show 
that in most of the cases heat input is lowest at the control site 
and highest at 7" below knee anterior. This indicates that 
at a site where the circulation is good the requirement of 
heat input to maintain the temperature of electrode is low as 
compared to the sites where the circulation is poor.
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jaxKCGroae temperature and Heat input 
Patient £ S.No 5 f
control
o-o-o-o 4” below knee posterior 
7" below knee posterior 
4H below knee anterior 
7" below knee anterior
Electrode temp, lu
•‘7 BK
4” BK (A)
n -
H4%:f»:7n BK (P)
n i l  r t
4” BK (p)
Control
'Iftri'i rl -pm;
6 minutes
106 Time-
This finding is contrary to the presumption made initially 
(Theoretical concept) that at a site where circulation is 
good the requirement of heat to maintain the temperature of 
electrode at 45°C will he more since the circulating hlood, 
heing at a lower temperature, will wash away the heat. This 
will he discussed in detail in the following chapters.
Graphic representation of TC pO  ^after six minutes until 
the completion of experiment in a typical case - Shown in 
graph 2 on page 108.
It takes approximately 15 minutes for the TC pO^ reading to 
hecome stable. After this period in all the cases the curve 
remains almost horizontal. The TC pO^ recording was continued 
up to a period of 25 minutes. TC pO^ at the control site 
remains highest, and at the distal anterior site (7M below 
knee anterior) it remains lowest. This is seen in 27 readings 
out of 57.
Twelve readings are in this order (i) control, (ii) 4" below 
knee posterior (4n BK Post.), (iii) 7" below knee posterior 
(7" BK Post.), (iv) 4" below knee anterior (4" BK Ant.) and 
(v) 7" below knee anterior (7n BK Ant.) and in 8 readings the 
order of 7" below knee posterior and 4" below knee anterior 
is changed. However in many cases the readings are in a 
different order.
At the end of 25 minutes the patients were given oxygen 
inhalations at atmospheric pressure through a mask at the rate 
of 4 litres per minute. The oxygen concentration in the mask 
becomes 40%. Shortly after the start of oxygen inhalation 
TC pO^ levels rise and by the end of 5 minutes the readings 
settle down in most of the cases and the curves remain horizon­
tal after this period. The readings on control sites are 
highest and 7" below knee anterior are lowest in 36 readings 
out of 57. The readings for other sites are in between them.
The sequence as mentioned in the previous paragraph is also 
the most commonly occuring sequence following oxygen inhalation. 
Seventeen readings out of 57 show this pattern and in 11 read­
ings the order of 7HBK Post and 4" BK Ant has interchanged.
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It has also been observed that the TC pO^ readings always 
increase following oxygen inhalation; and for all the sites.
In 285 readings (57 cases and 5 sites for each case) 280 
readings increased following oxygen inhalation. The increase 
and the rate of increase was greater at control sites than 
at other sites. In 5 cases there was no change, the readings 
were zero before as vrell as after oxygen inhalation.
It can be inferred that the TC pO^ level remains high at a 
site where the circulation is expected to be better. This 
is in accordance with the theoretical postulation as mentioned 
in the previous chapter that high TC pO^ value indicates good 
circulation and low level indicates poor circulation. The 
response of TC pO^ to oxygen inhalation is related to the 
state of circulation, if circulation is good the response 
will be greater.
In many cases it was seen that the pre-oxygen TC pO^ reading.: 
was low at the site where circulation was expected to be good, 
particularly at the control site. However the response to 
oxygen inhalation showed that the TC pO^ level went higher 
at sites where the circulation was expected to be better as 
compared to other sites. Thus it may be reasonable to con­
clude that TC pOg readings following oxygen inhalation 
represent the circulation in a better way than the pre-oxygen 
readings. This phenomenon of low TC pO^ level before oxygen 
inhalation and higher TC pO^ level after oxygen inhalation was 
applicable to the control sites alone.
It is reasonable to say that the ratio of post-oxygen and pre- 
oxygen TC p02 readings may be a good guide to the state of 
circulation (nutrition).
The TC p02 readings for various sites before and after oxygen 
inhalation are shown in appendix D. It is seen that the 
readings at all the sites increase following oxygen inhalation. 
The increase is greater at the control site and less at the 
distal anterior site.
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Graphic representation of Heat input after 6 minutes until 
the completion of experiment in a typical case - Shown in 
graph 3 on page 111.
Throughout the recording the heat input curves run almost 
horizontal.
The heat input readings for the control site are lowest and 
for 7" below knee anterior highest. Heat input readings for 
other sites lie between them. This pattern is found in 23 
readings out of 57. The curve for 4n below knee posterior 
lies nearest to control in most cases. The heat input readings 
for various sites is shown in appendix E.
According to the theoretical concept as described in the 
previous chapter the heat input readings at the control site 
should be highest since the circulating blood in capillaries 
under the electrode being at a lower temperature should take 
away the heat from the electrode and the electrode would 
require more energy (heat input) to maintain its temperature 
constant at 45°C. Findings during the actual experiment in 
effect are contrary to this 'concept1.
Heat input readings have also changed following oxygen 
inhalation. 189 readings out of 285 show that heat input 
level has gone down while 91 readings increased following 
oxygen inhalation. There appears to be no correlation between 
the heat input and oxygen inhalation.
The relationship between circulation and heat input will be 
discussed later.
Grouping of the patients based upon the results of treatment 
The patients who have been included in the study had varying 
degrees of ischaemia in their limbs with varying degrees of 
presenting features. Most of the patients had moderate 
degrees of pain, swelling and redness in the limb. The pain 
was due to poor circulation. A few patients had frank gangrene 
with little or no pain (case no. 14, 25, 35 and 65) while 
others showed mild degrees of cyanosis with severe pain (Case 
no. 20, 22, 27, 34, 40 and 67).
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It is-, quite obvious that symptoms do not always reflect the 
correct degree of ischaemia. The degree of ischaemia can be 
judged by investigations concerning the circulation or by 
the proposed technique of TC pO^ measurements. Since this 
technique is not an established technique the patients who 
have undergone this experiment have been classified in 3 groups, 
based upon the results of treatment and/or amputation:
(i) Patients who did not require amputation and were dis­
charged from the hospital after non-operative manage­
ment,
(ii) Patients whose legs were amputated and where the Avound 
healed satisfactorily, and
(iii) Patients whose stump did not heal and they required 
second surgical procedure either a retrim or a higher 
amputation.
These results can be correlated with the TC pO^ values recorded 
earlier.
It may be possible to find out a TC pO^ value which might 
predict that the wound following an amputation will heal. A 
TC pO^ value below this level would indicate that the wound will 
not heal. In this way the results of surgery can be predicted 
by studying TC pO^ values.
Healthy Volunteers (Control group)
To have a better understanding it is advisable to study and 
compare the readings with a control group. Before the data 
of TC p02, heat input and electrode temperature on patients 
were analysed and discussed, it was proposed to analyse and 
discuss the results of the experiment on healthy volunteers.
This should give normal values, i.e. the values in a non- 
ischaemic limb, and then the comparative study and analyse 
should give a better picture and understanding about the 
ischaemic limb.
Keeping in mind the average age of the patients, the experiment 
was conducted on 6 elderly volunteers. The average age of the
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volunteers was 59 years and the range was 54 to 64 years.
They were from the staff of the Limh Fitting Centre, Roehampton. 
Before the experiment was conducted on these volunteers a 
short medical history was taken and a general clinical exam­
ination was carried out and recorded, as was done with the 
patients.
Results of the experiment were converted into a graphic form.
Graphic representation of electrode temperature and heat 
input up to 6 minutes after starting the experiment in 
elderly volunteers
The graph (graph 4) for a volunteer is shown on page 114. The 
general pattern of the electrode temperature curve was the 
same as that of patients described previously. The average 
time the electrode took to reach the temperature of 45°C was 
2 minutes, the range was 1 - 3  minutes. The electrode at the 
control site took the minimum time in 5 cases out of 6 and 
at 7" BK Ant it took the maximum time in 4 cases out of 6, to 
reach the temperature of 45°C.
The general pattern of the heat input curve during the period 
of the first 6 minutes was also the same as that of the patients. 
Heat input requirement at the end of 6 minutes for the elect­
rode to maintain its temperature was lowest at the control 
site in all the 6 cases, and was highest at 7" BK Ant in 5 
cases out of 6. Both these findings are similar to that of 
patients and are contrary to the theoretical concept. An 
obvious difference from the patients is in the heat input 
values. These readings are lower in volunteers than the 
patients.
Graphic representation of TC pO ,^ in elderly volunteers after 
6 minutes until the completion of experiment - shown in 
graph 5 on page 115.
TC pO^ readings at the various sites, in general, are higher 
than those of the patients, however the control site TC pO^ 
values are almost the same. After the readings have settled 
down at the end of 20 - 25 minutes, the TC p02 readings at
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4” BK Ant are highest (4 cases out of 6) and second highest 
in remaining 2 cases, while in case of the patients, control 
site readings are highest in most cases (22 out of 33) 
and not the 4" BK Ant.
TC pO^ readings at the control site are the lowest in the 
majority of volunteers (4 out of 6) while the patients show 
lowest readings at 7M BK Ant (26 out of 33).
Following oxygen inhalation the TC pO^ readings go up and it 
appears difficult to draw a set pattern. Three volunteers 
show highest reading at 4” BK Ant, and it is difficult to draw 
a conclusion about the lowest figure (before oxygen inhalation 
it was control).
Graphic representation of Heat input in elderly volunteers 
after 6 minutes until the completion of the experiment - 
shown in graph 6 on page 116.
Throughout the experiment the curves ran almost horizontal.
The curve for the control site is lowest in all the cases 
(6 out of 6), before as well as after the oxygen inhalation.
In the patients it was so in 20 out of 33 readings. The curve 
for 4" BK Ant is next to the control site in most of the volun­
teers (5 out of 6) while in the case of patients only one 
reading showed this pattern out of 33 readings.
Curves for other sites, i.e. 4” BIC Post, 7" BK Post and Ant, 
remain above these levels.
There is very little change in the sequence of these readings 
following oxygen inhalation.
The fact that control site readings are lowest in all the 
volunteers is contrary to the theoretical concept. These 
readings are expected to be high. This indicates that Heat 
input may not be an accurate representation of circulation 
and is affected by many other factors.
Readings at 4” BK Ant appear to be important since this is the 
reading which is altered in patients.
During the course of history taking and medical examination,
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it was noticed that a few of the elderly volunteers were 
suffering from diseases like asthma, diabetes and hypertension, 
which may affect the circulation or oxygenation of the blood 
and thus affect the TC pO^ values. These readings may also 
be affected by other diseases of old age and cannot be con­
sidered as normal values.
In view of this it was decided to conduct the experiment on 
young healthy volunteers. These volunteers were also from 
the staff of the Limb Fitting Centre. The average age of these 
volunteers was 19.5 years and the range was 17 to 25 years.
A short medical history was taken and a brief medical examina­
tion was carried out and recorded.
The results of the experiment were converted to graphic form.
Graphic representation of electrode temperature and heat 
input up to 6 minutes (in young volunteers) - The graph 
(graph 7)for a young volunteer is shown on page 119.
The general pattern of the curve is the same as that of the 
elderly volunteers. A small difference that may be noticed 
is in the time taken by the electrode to reach the temperature 
of 45°C, which is less in the young volunteers. Otherwise 
there is no obvious difference.
Graphic representation of TC pO ,^ in young volunteers after 
6 minutes until the completion of the experiment - TC pO^ 
readings of a young volunteer are shown in graph 8 on page 120. 
The TC pOg readings in the case of the young volunteers are 
higher than those of the elderly volunteers, response to oxygen 
inhalation is also more than the response in the elderly volun­
teers. The readings which were seen spread out in the elderly 
volunteers and the patients, are closer to each other i.e. the 
difference in the readings at various sites is reduced in 
young volunteers.
It may indicate that in young volunteers there is not much 
difference in the oxygenation state of the control site and 
that of the limb (peripheral) sites. As age advances, oxygen­
ation of the peripheral sites reduces with no obvious change
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at the control site. In the case of the patients this 
difference further increases. This difference or the ratio 
of TC p(>2 values at the distal site and the control site 
may he a good indication of ischaemic states.
The readings at the control site are lowest (5 out of 6) and 
at the distal anterior site (4n and 7" BK Ant) they are highest 
in all the young volunteers before oxygen inhalation. Follow­
ing oxygen inhalation the readings at 4" BK Ant are highest 
in 3 cases and lowest at the control site in 4 cases out of 6.
Graphic representation of Heat input in young volunteers after 
6 minutes until completion of the experiment - the graph 
(graph 9) of heat input of a young volunteer is shown on page 121. 
There is no obvious difference noticed from that of the elder­
ly volunteers. These values for various sites do not show 
a set pattern except that the heat input reading at the control 
site is lowest in all cases but one . However after oxygen 
inhalation the readings at the control site are lowest in 
all the cases.
Analysis of the readings
It is seen that the Heat input and TC pOg take approximately 
15 minutes before they become stable. The temperature of the 
electrode remains constant at 45°C throughout the experiment.
The readings of electrode temperature and heat input during 
the period of first 6 minutes are not significant and can be 
ignored.
There are now 5 different groups, as previously described, 
available for study and analysis. They are:-
(i) Young volunteers,
(ii) Elderly volunteers,
(iii) Patients where no amputation was performed,
(iv) Patients where amputation was performed and the 
wound healed satisfactorily,
and (v) where amputation failed and patient had to undergo 
a retrim or a higher amputation.
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There are two measurements available, which are:
(i) TC p02
(ii) Ileat input.
It will be convenient to analyse and discuss them one by one.
TC pOp values
TC p02 values for all these groups are discussed below:
TC p02 values in young volunteers — These readings are 
shown in table 1 on page 124. It is seen that the read­
ings at the control site are between 70.5 to 95.5 with an 
average of 80 (SD 9), all the other readings are higher 
than the control site readings with very few exceptions. 
Anterior readings are highest, they all are above 81 
with an average of 92 (SD 8.5) at 4" BK Ant and 90 (SD 8) 
at 7" BK Ant.
It may indicate that the circulation or state of oxygen­
ation at the distal site is as good as that of the con­
trol site. TC p02 values increase with oxygen inhalation 
in every case. The average increase at the control site 
is 49% and at 4" BIC Ant 40%.
TC p02 values in Elderly volunteers - These values are 
shown in table 2 on page 125. There is no difference in 
the general pattern from that of the young volunteers, 
although there is a generalised reduction in TC p02 
values. Control site readings are between 49 and 91 
with an average of 68 (SD 14). In young volunteers the 
average was 80 (SD 9). Readings at 4" BK Ant are highest 
in most of the cases (4 out of 6) with an average of 
79 (SD 9) (92 in case of young volunteer). The TC p02 
readings go up following oxygen inhalation, but this 
increase is less, compared to young volunteers. At the 
control site the rise is 38% (young volunteers 49%) and 
at 4" BK anterior the rise is only 25% (young volunteers 
40%).
This gives an indication that as age advances the TC p02 
values reduce, and the response to oxygen also reduces.
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TC pO  ^values in patients with no amputation - These are 
patients who were having sufficient ischaemia to require 
hospitalisation hut who did not undergo any amputation.
The TC pO^ readings on these patients are shown in 
table 3 on page 127; it includes 15 patients.
TC pOg readings were recorded at the time of their 
admission and also after treatment. The readings which 
are shown in the table are after the treatment which 
improved the nutrition of the limb (thus improved the 
TC p0o value) to enable them to go home without amputa- 
tion. Hence these TC pO^ values may indicate sufficient 
oxygenation in the limb to avoid amputation, and the 
readings below these levels would have led to amputation.
Control site readings are lower than in the young volun­
teers but are similar to those of the elderly volunteers. 
Three readings at control site, 4 readings at 4n BK Ant 
and 3 readings at 7" BK Ant are highest while 4 readings 
at control site, one reading at 4" BK Ant and 6 readings 
at 7" BK Ant are lowest. This pattern is inconclusive.
The readings at 4" BK Ant are more than 41 and lie between 
41 and 7 6 and at 7" BK Ant they are between 31 to 72.5. 
Following oxygen inhalations the readings increase.
The increase is more on control site than on distal sites.
TC pO  ^readings in cases with successful amputation - 
These readings are shown in table 4 on page 128. Sixteen 
patients constitute this group. These readings were 
recorded after completion of preamputation treatment, 
which mainly consisted of general measures and praxilene 
therapy, was carried out as an attempt to avoid amputation. 
Readings at the control site are highest in 9 cases and 
5 cases show the highest reading at 4" BK Post. Readings 
at the control site are similar to those of elderly 
volunteers. The range is between 49 and 78, although 
one reading is as low as 36. The average is 62 (SD 11). 
Readings at 7" BK Ant are lowest in 12 cases out of 16,
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which clearly indicates that as the ischaemia increases,
TC p09 value decreases. The range of TC pO at this 
site is between 10 and 62, average 33 (SD 18).
Amputation removes this portion of the limb and hence 
low readings at this site should not be taken as a guide 
to the result of amputation higher up and can be ignored.
Readings at 4" BK Ant are between 32 and 67 (except one 
which is 24), average 46.5 (SD 13.5). These readings 
average 79 in patients without amputation. In BK amputa­
tion usually the incision passes through 4" BK Ant and 
TC pO^ readings at this site can be a good guide for 
predicting the healing potential of the wound following 
amputation. It may be reasonable to say that with a 
pre-operative TC pO^ value of 30 or above at 4" BK Ant 
the amputation wound should heal. In long posterior 
flap BK amputation the incision also passes through the 
point 7" BK Post. TC pO^ readings at this site may also 
be helpful in indicating the healing potential of the 
amputation wound. The readings at 7” BK Post are between 
39 and 65 (except one reading which is 28) with an average 
of 49 (SD 12).
The patient who had TC pO^ reading of 24 at 4” BK Ant 
had TC pO^ value of 54 at 7" BK Post indicating that the 
posterior flap was having good nutrition which led to 
successful amputation in spite of the flow reading at 
the anterior site.
All the readings increase following oxygen inhalation.
The rise is more at the control site than other sites 
on the limb.
TC pOp readings in cases with failed amputation - This 
group includes only 6 patients. The readings are shown 
in table 5 on page 130. The readings at the control 
site range between 64 and 95.5, average 68.5 (SD 16.5) and 
are similar to the readings of the elderly volunteers 
(average 68, SD 14). Readings at other sites on the limb 
are much lower than the control site. These readings
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are lower than the same site readings in successful 
and no amputation groups. All the readings are highest 
at control site and lowest at 7" BK Ant. Readings at 
7M BK Ant are Between 11 and 25, at 4" BK Ant between 
17 and 37 and 7” BK Post between 41 and 38. As mention­
ed in the previous paragraph, the portion of the limb 
at 7" BK Ant is removed, hence the readings at that 
site from the point of view of healing potential can 
be ignored. Readings at 7" BK Post and 4" BK Ant are 
similar to each other and these readings may be con­
sidered as a guide for prediction of success following 
amputation.
Reasons for the small number of patients in this group - 
The ischaemic state of a limb is judged by various invest­
igating procedures and by clinical assessment. The 
patients who had a severely ischaemic limb as judged 
by these procedures were taken up for AK amputation, 
and only a few patients, where the routine investigations 
and clinical judgement failed to detect the actual degree 
of ischaemia, were taken up for BK amputation which 
ultimately did not heal. These are the patients who 
are included in the study with failed amputation.
The author feels that these cases would also have been 
detected as having poor nutrition of the limb if TC p02 
readings were also taken into account, and a second 
surgical procedure could have been avoided.
Heat input values
Ileat input values for various groups are described below:
Heat input readings in young volunteers - Heat input 
readings before and after oxygen inhalation are shown 
in table 6 on page 132. All the readings at control 
sites are lower than other readings except one and in 
this case also the difference is very small (266 and 
258). Readings on the limb for the same site differ 
from person to person significantly e.g. at 4" BK Post
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P.J. has reading of 258 and D.W. has 412 though these 
readings are expected to he similar. There is marked 
variation in the readings at other sites as well. 
Following oxygen inhalation there is no definite 
response. Eighteen readings out of 30 show a rise and 
12 show a reduction in heat input value.
Heat input readings in elderly volunteers - shown in 
table 7 on page 133.
There is hardly any difference in general pattern and 
values between young volunteers and elderly volunteers. 
There is marked variation in the readings for the same 
site in different individuals. Following oxygen inhala­
tion the results are variable, 14 readings show increase 
and 16 show reduction.
It appears that heat input is not a consistant reading 
for the same age group or even for the same site. At 
a site where circulation is expected to be very similar, 
heat input is not, though it should have been. Response 
to oxygen is also variable. It is logical to believe 
that heat input value does not solely depend upon the 
state of circulation, rather depends on many other 
factors and hence it may not be accepted as a correct 
indicator of circulation/healing potential.
Ileat input readings in patients with no amputation - 
Shown in table 8 on page 135. Readings are low at the 
control site, and high at distal anterior sites. There 
is no definite response to oxygen inhalation and no 
pattern can be established.
Heat input readings in patients with successful 
amputation - Shown in table 9 on page 136. There is 
no difference in these readings from that of patients 
with no amputation.
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Heat input readings in patient with failed amputation -
are shown in table 10 on page 137 . These readings are 
also similar to those in no or successful amputation 
groups.
It appears that heat input readings are dependent on 
many other factors and not only on circulation of the 
limb. They are haphazard and response to oxygen is 
also variable. These readings do not reflect true 
oxygenation state of the skin.
A few experiments, to test the validity of Heat input 
values in indicating the circulatory state were carried 
out and will be described later.
TC pO  ^Values - Analysis
It is practically impossible to describe and discuss each 
reading on every patient individually. It was therefore de­
cided to calculate the averages of TC pO^ readings with stan­
dard deviations for each group, (i.e. young volunteers, elderly 
volunteers, patients with no amputations, with successful 
amputations and with failed amputations), and for various 
sites, before and after oxygen inhalation and then discuss 
them and draw conclusions.
Average TC p02 values with standard deviations for various 
sites and groups, before and after oxygen inhalation are
shown in table 11 011 pages 139 and 140 . They are discussed
below:
(i) TC pOp values at control site before oxygen inhalation 
for various groups show very little difference. In the
case of young volunteers the reading is 80 (_+ 9.2).
This reading is higher than the readings at the control 
site in other groups, which are almost equal to each 
other.
This indicates that as age advances, the TC pO^ value 
reduces, indicating that availability of oxygen to the
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tissues reduce with age. Ischaemic diseases do not 
affect the vessels at the control site, though they 
have caused ischaemic symptoms in the limb.
Oxygen inhalation increases the TC pO^ , values. There 
is no difference in TC pO^ values in these groups 
following oxygen inhalation.
(ii) TC pO  ^values at 4n BK Post - Show that as the 
ischaemic process advances these values also decrease. 
There is little difference between young volunteers (87) 
and elderly volunteers but there is a noticeable differ­
ence between the readings in volunteers and patients 
with ischaemic limbs. In the case of patients where
the amputation failed, there is a reduction of 45% in 
TC pO^ level (41.5) compared with elderly volunteers. 
Following oxygen inhalation the TC pO^ levels increased. 
The percentage rise is equal in all the groups, although 
the absolute figures are low in ischaemic limbs.
o
(iii) TC pO  ^values at 71 BK Post - show that the values 
gradually fall as the ischaemia increases. This fall 
is related to the degree of ischaemia. The average
TC p02 value in the case of patients with failed amputa­
tion is 28 while in elderly volunteers it is 75. As 
compared to elderly volunteers the TC pO^ values have 
reduced by 26.6% in no-amputation group, 34.6% in 
successful-amputation group and 63% in the failed- 
amputation group. In successful-amputation group the 
average TC pO^ value is 49 (SD 12) and in failed-amputa- 
tion group the TC p02 value is 28 (SD 8).
It indicates that with the reading above 37 at 7" BK Post 
wound should heal and below 36 if may not, and this may 
be used for predicting the healing potential of the 
wound following amputation.
(iv) ■TC pOp values at 4" BK Ant - are almost the same as that
of 7M BK Post, before as well as after oxygen inhalation.
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These are the levels through which the incision passes 
in the commonly used long posterior flap for BK Amp, 
and should he a good guide for judging the healing 
potential of the amputation wound. The reading is 
28 (SD 7) in cases of failed amputations and 46.5 
(SD 13.5) in healed amputation i.e. between 35 and 21 
in failed amputation and be.tween 60.0 and 33 in success­
ful amputations. Patients between the reading of 33 
and 35 may have a doubtful response, the wound may or 
may not heal.
(v) TC pO  ^values at 7" BK Ant - also confirm that TC pO^
values reduce as the ischaemia increases. The reduction 
in TC pO^ value is closely related to the degree of 
ischaemia.
Apart from analysing the readings for various sites, these
average TC pO^ readings can also be analysed and discussed
for different groups as following:-
(i) Young volunteers - There is little difference 
between control site readings and readings on the limb, 
and the control site reading (80, SD 9) is lowest of all. 
Anterior readings are higher than posterior ones. The 
highest reading is at 4" BK Ant (92, SD 8.5). Following 
oxygen inhalation the TC pO^ values increase. The pattern 
following oxygen inhalation remains unchanged.
Average TC pO^ curves for various sites in young volun­
teers are shown in graph 10 on page 144.
(ii) Elderly volunteers - All the readings at all the 
sites are lower than the readings in young volunteers.
In young volunteers the readings were between 80 and 92 
while in this case they are between 68 and 79, however 
there is no change in the pattern. This may indicate 
that as age advances, availability of oxygen to the 
tissues reduces, though this reduced oxygen supply may 
not produce any clinical symptom. Following oxygen
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inhalation the TC pO^ values increase. This increase 
is more at the control site (38%) than the sites on the 
limb. The graph (graph 11) for mean TC pO^ readings in 
this group is shown on page 145.
(iii)Fatients with no amputation - These are the patients 
who were having sufficient ischaemia of the limb to 
produce clinical features requiring hospitalisation.
The pattern of TC pO^ values starts changing in these 
patients. The readings on the limb are slightly lower 
than the control site reading (except 4" BK Post which 
is higher with a minimal margin). Following oxygen 
inhalation, however all the readings are lower than the 
control site. Mean TC pO^ readings for various sites 
are shown in graph 12 on page 146.
(iv) Patients with successful amputation - They show 
further lowering of TC p02 values on the limb. At the 
distal anterior position it is 47% lower than the control 
site, and there is a similar difference following oxygen 
inhalation. Readings at proximal sites are higher than 
the anterior ones. The average reading at 4" BK Ant
is 46.5 (SD 13.5) and at 7" BK Post it is 49 (SD 12).
Mean readings are shown in graph 13 on page 147.
(v) Readings with failed amputations - Show that the 
values on the limbs have further decreased though the 
values at control sites are unchanged. At 7" BK Ant 
the average value is 21 (SD 6) which is 69% of control 
site value, at 4" BK Ant it is 28 (SD 7) which is 59%
c of control site value. Readings at 4" BK Ant and
7” BK Post are 28 in both cases. Mean TC pO^ readings 
for various sites are shown in graph 14 on page 148.
Conclusion - TC pO  ^values
From the above discussions the following conclusions may be 
drawn:-
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(i) TC pO^ values are affected by age. In young 
o people the readings are around 85, and in elderly
people loAver, around 75.
(ii) In healthy individuals irrespective of age the 
TC pO^ values at the limb remain higher than control 
site values and anterior readings show higher TC p02 
values than posterior ones.
(iii)Ischaemic limbs show significantly low TC p02 
values at peripheral sites particularly anterior ones, 
as compared to other sites. However there is no change 
in control values, hence the readings on the limb become 
lower than control site, in contrast to the healthy 
individualSo
(iv) TC p02 values indicate the state of oxygenation 
(circulation). A low TC p02 value indicates ischaemia.
As the ischaemia increases, the TC pO^ value reduces.
(v) Oxygen inhalation increases the TC p02 values in 
all the sites, and this can possibly be an important 
factor in promoting the healing in ischaemic limbs.
This aspect will be discussed later.
(vi) A limb which has TC pO^ value above 37 at 7" BK Post 
and 4” BK Ant will show successful healing and a limb 
with a reading below 33 at these sites will not heal
and will require second surgical procedure.
Mean TC p02 values with standard deviations for various sites, 
before and after oxygen inhalation, are represented in graphs 
15 and 16, volunteers in one, on page 150 and patients in the 
other, on page 151.
In the case of volunteers the TC p02 values for control and
other sites remain at the same level. In the case of patients
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the TC p02 values at the control site remain at the same level 
hut the levels on the limb, particularly the anterior ones, 
show a definite downward trend depending on the degree of 
ischaemia.
Validity of TC p0o in determining the state of circulation 
The hypothesis of TC pO^ values indicating the state of cir­
culation has been discussed in Chapter VIII "Theoretical basis 
of detecting the nutritional state of the limb by the technique 
of TC p02 estimation".
The experimental findings, which are described below, support 
the original hypothesis.
1. As age advanced, circulation to the limb reduced, which 
was reflected by low TC pO^ values in elderly people 
(patients or otherwise) as compared to the young volun­
teers.
2. In ischaemic limbs distal readings showed low TC pO^ 
values, which was obviously due to poorer circulation 
in the distal region than the proximal.
3. As the ischaemia increased the TC pC>2 values went down 
as seen in the ischaemic limbs.
4. Patients with high TC pO^ values showed good healing 
while patients with low TC pO^ showed slow or even no 
healing.
5. Following oxygen inhalation TC p02 levels increased, 
which confirmed that the oxygen content of the blood in 
capillaries under the electrode had increased.
If the circulation was poor the increase in TC pO^ level 
following oxygen inhalation was also very little, indicat­
ing that insufficient blood was getting to the capillaries 
under the electrode, though the level of oxygen in the 
blood had increased.
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6. If the circulation was artificially stopped by tpurni- 
quet the TC pO^ values fell, confirming that TC p02 was 
the reflection of state of circulation/oxygenation of 
the tissue under the electrode. This experiment is 
described in detail in the next paragraphs.
All these findings confirm that the value of TC pO^ is a true 
reflection of circulatory state.
Validity of Heat input values
In the chapter on theoretical concepts it was postulated that 
the Heat input, to maintain the temperature of the electrode, 
should be greater at a site where circulation is good, since 
the blood which is at a lower temperature will take away the 
heat from the electrode, and more energy will be required to 
maintain the temperature of the electrode. Observations during 
the experiment were found to be the opposite to this concept. 
Heat input value at the site of good circulation was lower 
than at that of poor circulation.
A possible explanation of this phenomenon is as follows:
(i) At the site where circulation is poor the skin and 
tissues become cold and hence the temperature of the 
electrode at that site tends to fall to maintain its 
temperature under such a state, the electrode requires 
more energy.
(ii) Temperature of the skin is also affected by the atmos­
pheric conditions. If the atmospheric temperature is 
low, the heat from the electrode will conduct to the 
sides and then radiate to the atmosphere, thus the heat 
input value will be more.
(iii) The body surface acts like a black body radiator and 
absorbs heat from the electrode and also from the blood. 
In case of poor circulation it may be absorbing more 
heat from the electrode. This may be a contributory 
factor for high electrode input reading in poor circula­
tion.
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To examine the effect of atmospheric temperature, an experi­
ment was carried out in a room where the ambient temperature 
can be regulated. In another experiment the circulation in a 
limb was reduced and stopped by a tourniquet to observe the 
effect of reduced blood flow.
Cool room experiment - The experiment was conducted on two 
volunteers in a room where the ambient temperature can be 
regulated. The room temperature was maintained at 19.4°C.
'TC pO^ and Heat input readings for various sites were recorded, 
which are displayed in table 12 on page 155.
No obvious change is noticed in TC p02 values. It clearly 
indicates that TC pO^ values are not affected by low atmos­
pheric temperatures. It may be due to the fact that temperature 
of the skin under the electrode is maintained by the electrode 
and remains unaffected by low atmospheric temperature.
Heat input values, however, were markedly increased by the low 
room temperature. It can be explained on the basis that room 
temperature cools the skin, the heat from the electrode con- . 
ducts to the sides and then radiates to the atmosphere with a 
higher rate, than under normal room temperature. It is due 
to higher temperature gradient.
It can be concluded that low room temperature or any condition 
which lowers the skin temperature would affect the Heat input 
reading significantly.
Experiment with tourniquet - The aim of this experiment was 
to examine the effect of circulation on the heat input values. 
According to the theoretical postulation if the circulation 
is reduced, the heat input value should also go down and if 
circulation is good, the heat input value should also be more. 
(Chapter XII "Theoretical Concept"). In this experiment the 
circulation was artificially stopped by applying a tourniquet 
at the thigh. The experiment was carried out on two volunteers. 
In one volunteer the tourniquet was inflated well above 
systolic pressure (150 mm Ilg) throughout the experiment. While 
for the other volunteer the tourniquet was inflated to 100 mm Hg
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which was increased to 160 mm Hg and then to 200 mm Ilg. Ileat
input and TC pO^ values were recorded every minute.
The Heat input and TC pO^ readings for the first volunteer 
are shown in graphs 17 and 18 (pages 157 and 158) and for the 
second volunteer in graphs 19 and 20 (pages 159 and 160) 
respectively.
Heat input readings - It was seen that on application of 
tourniquet the Heat input values fell. This fall was 
seen for only 3 minutes, in the first volunteer from 291 
to 281 and in the second from 325 to 305. Following 
this initial fall the readings remained at the same 
level for further 3 minutes and then increased gradually. 
The increase was variable in both the volunteers. In
the first one the heat input readings reached the pre-
tourniquet level while in the second volunteer the 
readings remained low at 314 and did not reach the pre­
tourniquet level which was 325.
On release of the tourniquet the heat input values in­
creased sharply in both the volunteers from 296 to 324 
in the first and from 315 to 346 in the second volunteer 
within a period of 3 minutes. The readings came down 
to pre-tourniquet level in the first volunteer.
In the second volunteer the reapplications of the tourni­
quet showed a similar pattern.
TC pOo, readings - With the application of the tourniquet 
(150 mm Hg), in the^first volunteer the reading fell to 
0 from 88 within 3 minutes and. remained at 0 until the 
tourniquet was released when the reading reached the pre­
tourniquet level wrttrin a period of 5 minutes and then 
stayed at that level. In the second volunteer with the 
application of the tourniquet at 100 mm Hg the TC pO^ 
readings fell to 77 from 95. On release it went to the 
pre-tourniquet level within a minute. On reapplication 
of the tourniquet at 160 mm Hg, the TC pOg reading 
dropped to 25 and then to 15, and when the tourniquet
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o was applied at a pressure of 200 mm Ilg the reading came
down to 4. On release of the tourniquet the readings 
soon reached the pre-tourniquet level (not in the graph). 
The TC pO^ readings confirm the effectiveness of the
tourniquet and also confirm the validity of TC pO^ read­
ing in representing the state of circulation in the limb.
Possible reasons for the initial fall in the heat input value:- 
Moving blood, which is at a lower temperature than the elect­
rode, takes away the heat from the electrode due to a tempera­
ture gradient. If the blood flow is good more heat will be 
taken away by the blood and the energy requirement to maintain 
the temperature of the electrode will be more. When the 
circulation reduces or stops, the requirement of the energy 
(heat input), to maintain the temperature of the electrode, 
also reduces, and may be due to this reason the heat input 
initially falls when circulation is stopped by tourniquet.
Possible reason for gradual increase in the heat input after 
initial fall:- Due to the lack of circulation the limb be­
comes cold and to maintain the temperature of the electrode 
more energy is required which is reflected as increase in the 
heat input reading.
Possible reasons for sudden increase in heat input readings 
on releasing the tourniquet:- Due to the stoppage of the 
circulation metabolites accumulate and vasodilatation takes 
place. When the tourniquet is released the blood rushes into 
these dilated channels and flushes the metabolites. The fast- 
moving blood which is at a lower temperature than the electrode, 
takes away the heat from the electrode quickly, resulting in 
the sudden increase in the heat input reading.
It is difficult to ascertain the exact reasons for the changes 
in heat input values in the experiments mentioned above, and 
it requires detailed study which is beyond the scope of this 
project. It is, however, logical to conclude that Heat input
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reading is not a true representation of circulation.
These two experiments i.e. cool room experiment and experiment 
with tourniquet prove that the TC pO^ reading is a valid 
representation of circulation and the Heat input reading is not.
Correlation between TC pO  ^and Heat input values 
To look for a possible correlation in TC pO^ and Heat input 
values, they were plotted in a graph. Heat input on *y ' axis 
and TC pO^ on ’x ’ axis. It was done in volunteers (young as 
well as elderly) at Control, 7” BK Post and 4" BK Ant which 
are shown in graphs 21, 22 and 23 on pages 163, 164 and 165 
respectively.
All the readings are haphazard as would be expected from results 
of previous experiments. There does not appear any correlation 
between TC pO^ and Heat input values.
The above mentioned experiments and plottings confirm that 
Heat input values do not represent the circulation or nutrition­
al state of the limb and cannot be correlated with TC pO^ 
values. Thus the Heat input value cannot be utilised to in­
dicate the degree of ischaemia.
In view of above, at this stage, it was decided to disregard 
the Heat input values for consideration in this study.
Various sites and ischaemia
Recording of TC pO^ has been done at 5 different sites on 
every patient. Each site takes about 40 minutes for completion 
of the recording. Total time taken for completion of the 
experiment in one patient is about 3-| hours. It is practically 
impossible for the investigator to spend so much time for one 
fnvestigation and also for the patient it becomes very diffi­
cult to remain in bed. There is an obvious need to cut down 
the time of the investigation to make this investigation useful 
for everyday practice. It can be done by reducing the number
162
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of sites of the TC pO recording. Automatically the site
u
which shows maximum change with ischaemia will he the most 
suitable site for the investigation.
When the graphs 12 and 13 showing mean TC pO^ values for no­
amputation and healed-amputation groups are examined, it is 
noticed that there is negligible difference in TC p02 values 
at the control site and at 4" BK Post.
The average TC p02 reading at 7" BK Post is lower in the healed- 
amputation group than avei-age TC pO^ at the same level in the 
no-amputation group (49 and 55 before oxygen inhalation and 
65 and 84 after oxygen inhalation).
J’he average readings at 4" BK Ant and 7" BK Ant show notice­
able lowering of the readings in healed amputation group.
The graphs showing mean TC pO^ values in healed-amputation 
and failed-amputation groups (graphs 13 and 14), when compared , 
show that there is negligible change in the control site read­
ings. There is some lowering of the values at 4" BK Post and 
7" BK Ant. Marked lowering is seen in 7" BK Post and 4" BK 
Ant. At 7" BK Post the mean value has reduced from 49 to 28 
and at 4n BK Ant from 46 to 28 (before oxygen inhalation).
This observation shows that the highest variation in TC pO^ 
values take place at 7" BK Post and 4” BK Ant. The values 
at these sites correlate remarkably with the degree of ischaera- 
ia, and the readings at these sites might represent the cir­
culatory state of the limb.
Averages of TC pC>2 values for various sites and various groups, 
as shown in table 11 (page 139 ), were examined. The differ­
ences between the p02 values for no-amputation and healed- 
amputation groups and between no-amputation and failed-amputa­
tion groups were calculated for various sites. The site which 
shows maximum difference between these groups could be the one 
which can be utilised to indicate the state of nutrition . and 
may be used to predict the results of amputation.
166
The differences at various sites in various groups are shown 
in the table 13 below:
Site
Difference between 
TC pO^ values for no­
amputation and healed- 
amputation
Difference between 
TC pO^ values for no­
amputation and failed- 
amputation
before 0^ after 0^ before 02 after 0^
4" BK Post 1 13 17 25
7" BK Post 6 17 27 36
4” BK Ant 10 20 28 40
7" BK Ant 18 30 30 44
Table 13 - Showing the differences between
TC pOg values in various groups at 
various sites, before and after 
oxygen inhalation.
This table shows 7" BK Ant and 4" BK Ant have shown maximum 
change with ischaemia.
Readings at 7” BK Ant can be ignored, since they are recorded 
at a place which is removedduring amputation. It may indicate 
the degree of ischaemia but may not indicate the healing 
potential of the wound which is going to be at a higher level. 
It can be logically concluded that the readings at 4" BK Ant 
are better than the readings at other sites in indicating the 
degree of ischaemia.
Mean TC pO  ^values with Standard Deviation (SD) in graphic 
form -
Mean TC pO^ values for every minute recording in case of no­
amputation, successful-amputation and failed-amputation were 
calculated. Readings take about 10-15 minutes to stabilise, 
hence the averages were calculated for the readings after 
15 minutes until the completion of experiment including the 
effect of oxygen inhalations. These readings with average 
and SD at 7" BK Post for no-amputation, healed or successful
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amputation and failed-amputation are shown in appendix P,
G and II and for 4" BK Ant are shown in appendix I, J and K 
respectively.
These averages are plotted in graphic form. Average and SD 
for..no-amputation, healed-amputation and failed-amputation 
at 7" BK Post are shown in graph 24 on page 169.
The recordings, after they are stabilised, show that there is 
moderate overlapping in the readings of no-amputation and 
healed-amputation groups. There is a clear gap between healed- 
amputation and failed-amputation groups. Readings below 36 
show failure and above 37 show healing. It gives an indication 
that if a patient has TC pO^ reading of 37 at 7n BK Post the 
wound will not heal if BK,amputation is done.
Average TC pO^ values with SD for no-amputation and suecessful- 
(healed) amputation and failed-amputation groups at 4” BK Ant 
are plotted in graphic form (graph 25) on page 170.
After the readings stabilised, there is marked overlapping of 
the readings in no-amputation and successful-amputation groups, 
and hence no decision can be made about the amputation. In the 
case of healed-amputation and failed-amputation there is very 
little overlapping. TC pO^ values below 33 have shown failure 
and above 35 have shown healing, readings between 33 and 35 
have shown equivocal results. This can be helpful in deciding 
the level of amputation.
Following oxygen inhalation, it is seen that the overlapping 
in healed-amputation and failed-amputation groups has increased 
at both the sites i.e. 7" BK Post and 4” BK Ant.
It can be concluded after analysis of these readings/graphs 
that readings at 4" BK Ant and 7" BK Post are the important 
ones indicating the degree of ischaemia as it relates to the 
healing potential of the wound following amputation. It is 
not possible to make a decision whether to amputate; however 
the level can be decided.
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the graph 24 it can he seen that patients with average TC pOg 
values of 55 (SD 11.5)(before oxygen inhalation) may not 
require an amputation. Some patients did not require amputa­
tion even at the TC pO^ value of 43.5.
On the other hand the patients with average of 49 (SD 12) were 
amputated and wound healed successfully. Upper limit of the 
TC pOg for successful amputation is 61. This means that the 
area between 43.5 and 61 is a doubtful area where patient may 
have an amputation or may not.
The lowest reading for successful amputation is 37, indicating 
that even with this TC pOg value the wound would heal and with 
a reading below this failure is the likely result.
TC pO  ^values for successful amputation at 4" BK Ant - graph 
which represents average TC pO^ values with standard deviations 
at 4” BK Ant in no-amputation, successful-amputation and 
failed-amputation groups (graph 25) indicates that amputation 
may not be required with TC pO^ values as low as 45.5 (without 
oxygen inhalation ) and patients with a reading of 60 may have 
to undergo amputation. TC pO^ values between 45.5 and 60 are 
in the overlapping area for no-amputation and successful- 
amputation
Similarly a patient with a TC pO^ value of 35 may show failure 
and with 33 another patient may have successful healing follow­
ing amputation. The area between 33 and 35 is common and is 
a doubtful area, where the wound may heal or may not.
It can be inferred that in a patient if the TC pO^ reading is 
37 or more, at 7" BK Post, the wound will heal successfully 
and if the reading is less than 36, the wound will not heal.
It can also be seen that if the reading does not go above 44 
with oxygen inhalation the amputation will be a failure.
It can also be concluded that, at 4” BK Ant, if the reading is 
above 35, the amputation wound will heal and a reading below 
33 indicates that the amputation will fail to heal. Following
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oxygen inhalation if the reading does not go above 45, the 
wound would fail to heal.
These readings are pre-operative (amputation) readings and have 
been correlated with the results. It is, therefore, logical 
to conclude that the TC pO^ readings can predict the results of 
amputation in an ischaemic limb before the amputation is per­
formed. These findings are summarised in table 14 below.
Site
Faile
before
°2
I Amp 
after
°2
Healec
before
°2
i Amp. 
after
°2
Doubtfu
before
°2
1 result 
after
°2
7" BK Post 
4” BK Ant
below 36 
below 33
below 44 
below 45
above 37 
above 35
above 55 
above 55
36 - 37 
33 - 35
44 - 55
45 - 55
Table 14 Showing TC pO^ values indicating 
the results of amputation.
Conclusion TC pO  ^values
From the above observations it can be concluded that TC pO^ 
values at 7" BK Posterior and 4" BK Anterior represent the 
degree of ischaemia and the state of nutrition with reasonable 
accuracy. These values can also predict the result of BK 
amputation before it is performed. TC pO^ value of less than 
35 at 7" BK Posterior and less than 33 at 4" BK Anterior indicate 
that the wound will not heal and under such a state of nutrition 
the surgeon should decide on a higher amputation.
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Representation of TC pO  ^values in ratios
In the previous paragraphs it has been discussed that TC pC^ 
values can give a good idea of circulation and nutritional 
state of the ischaemic limb, and these values can be used in 
predicting the results of amputation, if performed. These 
TC pOg readings have been represented in absolute values. 
Presentation of readings in absolute values has its own dis­
advantages. It may be better to represent the values of TC pO^ 
in terms of ratios.
Ratio of TC pO  ^at ischaemic site and at control 
It is seen that TC pO^ values remain unaffected at control site 
in patients with ischaemic limbs, but at the sites on the limb 
-they are low depending upon the state of circulation (state of 
nutrition). The ratio of TC pO^ values at the sites on the 
limb and the control site may give a better idea of the nutrition 
of the tissues for any given patient. It may also eliminate 
some of the inherent errors present in absolute values.
It has been seen that TC pO^ values at 7” BK Posterior'and 
4" BK Anterior give better indications of healing potential 
of the limb than other sites. These two sites have therefore 
been considered for calculating the ratios.
The ratios were calculated for volunteers and for patients.
These ratios have been analysed and discussed as following:
(i) Young volunteers - Ratios of TC pO^ at 7 " BK Posterior 
and 4” BK Anterior with TC pO^ at control site, before 
and after oxygen inhalation were calculated. They are 
shown in table 15 on page 174. It is seen that the ratio 
of TC pO^ at 7” BIC Posterior and the ratio of TC pO^ at 
4" BK Anterior, with the control, is above 1;0 in both 
the instances in all the cases (volunteers) before 
oxygen inhalation. There is little change following 
oxygen inhalation and 3 ratios out of 24 have become 
less than one, lowest figure .82. This may indicate 
that the ratio is more than 1.0 in the individuals with 
good circulation.
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(ii) Elderly volunteers - The ratios of TC pO^ at 7" BK 
Posterior and 4" BK Anterior with TC p02 at control are 
shown in table 16 on page 175. This table shows that the 
ratios are in general above 1.0, but there is a trend of 
lowering if compared with young volunteers. Out of 12,
3 ratios are less than 1.0 before oxygen inhalation and
4 (out of 12) are less than 1.0 after oxygen inhalation.
In all, 17 figures (ratios) are over 1.0 and 7 under 1.0.
This may indicate that in elderly people, without any 
symptoms of ischaemia the readings at control site and 
at peripheral sites remain equal, as shown by the ratio 
1.0.
(iii) No-amputation group - The above mentioned ratios for 
patients who did not require amputation are shown in 
table 17 on page 177. This table shows that the ratios 
are generally low. Before oxygen inhalation 14 (out of 
30) and after oxygen inhalation 10 (out of 30) ratios are 
still above 1.0. The range of the ratios is .69 or 1,13 
at 7" BK Posterior (average .97 SD .14) between .80 and 
1.26 (average 1 SD .17) at 4" BK Anterior, (before 
oxygen inhalation).
c It gives an indication that as ischaemia increases, the
ratios reduce to less than 1.0. Patients have less varia­
tion in ratios before oxygen inhalation than after, where 
the range is between .63 and 1.29 at 7” BIC Posterior and 
between .56 and 1.47 at 4" BK Anterior.
(iv) Successful-amputation group - The ratios are shown in 
table 18 on page 178. It shows that all but eight of the 
ratios are less than 1.0 (out of 64) and that where they 
are above 1.0, they are only marginally so. Before 
oxygen inhalation the average ratio for 7" BK Posterior 
is .80 (SD .18) and for 4” BK Anterior .76 (SD .22).
It may be concluded that if the ratios become lower than 
06, the ischaemia is severe enough to result in 
amputation.
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(v) Failed amputation group - The ratios of TC pO^ at 7” BK 
Posterior and 4" BK Anterior with TC pO^ at control,
"before and after oxygen inhalation are shown in table 19 
on page 179. All the ratios are below one, ranging be­
tween .19 and .65 (average .43 SD .18) in the case of 
7" BK Posterior and between .23 and .58 (average .42 SD 
.13) in the case of 4" BK Anterior before oxygen inhala­
tion. The average of ratios following oxygen inhalation 
are less than .45. This suggests that ratios below .61 
at 7" BK Posterior (before oxygen inhalation) indicate 
that the wound will not heal following amputation. 
Similarly a ratio below .55 at 4" BK Anterior can predict 
the failure of amputation.
Averages of the ratios are summarised in table 20 on page 180.
It may be concluded that the ratios of TC pO^ value at the 
sites on the limb with control site, reduce as the ischaemia 
increases. At 7U BK Posterior if the ratio is below .61 the 
wound may not heal. If a BK amputation is performed it should 
heal if the ratio is .62 or above, which can be seen in graph 26 
on page 181. At 4" BK Anterior there is an overlapping of the 
ratios for failed and successful amputations and if the ratio 
is below .54 the amputation wound should not heal and with a 
ratio of above .55 it should heal, which is seen in graph 27 
on page 182.
Ratios of TC pO  ^values before oxygen inhalation and after 
oxygen inhalation
It is seen that TC pO^ values increase following oxygen inhala­
tion. The rise is more at non-ischaemic sites than at ischaemic 
sites. It appears possible that the ratios of TC p0o before and 
after oxygen inhalation may give some idea of the nutritional 
state of the limb. To explore this possibility the following 
ratios were calculated for young volunteers, elderly volunteers, 
patients with no amputation, with successful amputation and 
with failed amputation, individually for each patient:
(i) Ratio of TC p02 values at 7" BK Posterior before and 
after oxygen inhalation.
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(ii) Ratio of TC pO^ values at 4” BK Anterior before and after 
oxygen inhalation.
(iii) Ratio of TC pO^ values at control before and after oxygen 
inhalation.
(iv) Ratios of TC pO^ at 7" BK Anterior and 4” BK Posterior 
before and aftef oxygen inhalation were also calculated.
It was seen that these ratios do not show significant differ­
ences. A table with ratios of individual cases is not shown 
here, however, the ratios of the average TC pO^ values at 
various sites for all the group are shown in table 21 below:
Ratios of average 
TC p02
Young
Volunteers
Elderly
Volunteers
No Amp. 
Group
Healed
Amp.
Failed 
Amp.After 0? inhala- 
tion/beiore 0„ 
inhalation
Control 1.49 1.38 1.58 1.40 1.49
4" BK Post. 1.42 1.30 1.52 1.33 1.54
7" BK Post. 1.43 1.28 1.53 1.33 1.50
4" BK Ant. 1.40 1.25 1.45 1.32 1.48
7” BK Ant. 1.39 1.26 1.47 1.36 1.48
Table 21 Showing ratios of averages before and 
after oxygen inhalation.
It is difficult to draw any conclusion from this ratio and 
hence further discussion on this ratio is dropped.
Ratio of increase in TC pO  ^at the sites on the limb with the 
increase at control site following oxygen inhalation 
From the observations it is seen that TC pO^ values increase 
following oxygen inhalation. This increase is higher at non- 
ischaemic sites than at the ischaemic sites. It may be possible 
to judge the state of nutrition if the ratio of this increase 
following oxygen inhalation at the site on the limb with the 
increase at the control site is calculated and analysed.
184
The ratios of the average values for volunteers and patients 
are shown in table 22 below:
Ratios of TC p02 
increase with 0^  
inhalations at
Young
Volunteers
Elderly
Volunteers
No Amp 
Group
Healed
Amp.
Failed 
Amp.
4" BK Post/Control .94 .85 .92 .78 .68
7" BK Post/Control .96 .81 .88 .65 .42
4” BK Ant/Control .94 .77 .77 .61 .40
7” BK Ant/Control .89 .73 .73 .49
oCO•
Table 22 Showing ratios of increase in average 
TC p02 values by oxygen inhalation.
It can be seen in the above table that as the ischaeraia in­
creases the ratio decreases. The ratio of TC pO^ increase 
by oxygen inhalation at 7" BK Posterior and at control 
ranges between .81 and .96 in volunteers, .88 in no-amputation, 
.65 in healed_amputation, and .42 in failed-amputation groups. 
There is very little difference in the ratios at 7" BK Post­
erior and 4" BK Anterior. Ratio above .61 indicates wound 
healing and below .40 failure is likely.
Conclusion: Ratios
It is logical to conclude that the ratios which indicate the 
circulatory state and healing potential of the wound following 
amputation are:
(i) Ratio of TC pO^ at 7” BK Posterior and TC pO^ at control 
(before oxygen inhalation) indicates that if the ratio 
is below .61 the wound should not heal and if above .62 
it should heal, Ratio above 1.0 indicates good circula­
tion.
(ii) Ratio of TC p02 at 4M BK Anterior and at control before 
oxygen inhalation - Ratio above 1.0 indicates good 
circulation. Ratio below .54 can predict failure and 
above .55 predicts successful amputation.
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(iii) Ratio of increase in TC p02 value by oxygen inhalation 
at 7" BK Posterior and at control i.e.
TC pO  ^after - TC pO  ^before 0  ^ inhalation at 7" BK Post 
TC p02 after - TC pO^ before C>2 inhalation at Control
may indicate the healing potential of the wound of BK 
amputation.
(iv) Ratio of increase in TC p02 values by oxygen inhalation 
at 4” BK Anterior and at control can also be helpful in 
predicting the healing potential of the BK amputation 
wound.
HEALING INDEX
The author proposes to give the name ’’HEALING INDEX” to the 
ratio of TC p02 value at a site on the limb and at control. 
After keeping a margin of safety it can easily be said that 
if the preoperative "Healing index" is below .5 at 4" BK 
Anterior and 7" BK Posterior the wound of a BK amputation will 
not heal.
TC p02 values in stumps
It has been observed that TC p02 values at 7" BK Posterior and 
4" BK Anterior are important in predicting the healing of the 
wound following amputation. TC p02 values between 33 and 37 
are critical, readings above 37 predict healing and below 33 
indicates that the wound is not going to heal. To investigate 
this matter further the TC p02 values on stumps were recorded 
in the healing stage following amputation, and also on mature 
stumps. These readings would give additional information of 
TC p02 values on ischaemic stumps.
To find out the TC p02 values in non-ischaemic stumps, the 
readings were recorded on stumps in young amputees where the 
cause of amputation was traumatic, infective or otherwise but 
not vascular.
The TC p02 values on the stumps during the healing stage were 
correlated with the final results of healing. Thus lowest 
TC p02 values indicative of successful amputation and failed 
amputation can be found out. This may help surgeons to decide
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quickly whether the stump, or a wound on the stump, would 
ultimately heal or not. In the latter case a retrim or higher 
amputation can he performed without waiting too long.
The TC pC^ value on the stumps have been recorded just above 
and below the suture line. These points correspond with the 
preoperative sites of 4-" BK Anterior and 7" BK Posterior 
where the TC pO^ values were recorded. Thus in healed stumps 
these TC pO^ values can be compared with the preoperative 
readings, if available, on the same sites.
TC pO  ^values in healed BK stumps in ischaemic limbs - These 
are the readings on well healed stumps either on the amputees 
who came to the Limb Fitting Centre for fitting of the limb, 
or on the patients just before discharge from the Limb Surgery 
Unit after the wound has healed satisfactorily. These readings 
are displayed in table 23 on pages 188 and 189. It is seen 
that the readings vary between 28 and 62 at 1” Posterior to 
scar (average 42.7 5 SD 8.47), and between 20 and 62 (average 
43.60 SD 8.58) at 1" anterior to the scar.
These readings indicate that if the reading is above 35 the 
wound of the operation (stump) should heal. It is also seen 
that these values are lower than the preoperative readings on 
the corresponding sites. Reasons for the lowering of TC pO^ 
values in the stump may be due to: (i) the damage caused to 
the capillaries and tissues during the operative procedure 
and (ii) the part of the limb which was proximal preoperatively, 
became the terminal end following operation and was deprived 
of circulation from the ascending and collateral vessels.
TC pO  ^readings on above knee stumps in ischaemic limbs - In a 
few of the above-knee amputees the TC pO readings were recorded 
just above and below the suture line on the AK stump, to see 
the TC p02 value which is indicative of healing of the wound. 
The readings are the same as that of BK levels due to the fact 
that the state of the circulation was of the same standard 
necessitating the amputation. These readings are shown in
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table 24 on page 191.
One case has shown an anterior reading oi‘ 13 and a posterior
reading of 38 on a high.ak stump and wound healing was delayed. 
There was another patient who had 0 TC pO^ level anteriorly as 
well as posteriorly•and where the wound did not heal. He was 
amputated at a higher level with similar results and ultimately 
died.
TC pO  ^values on stumps (DK) which did not heal - TC pO^ 
values on the stumps which did not heal and required a second 
surgical procedure at a higher level are shown in table 25 on 
page 192. This table shows that the readings 1" below, 1" above 
or just by the side of the suture line are very low, ranging 
between 6 and 24, average 16.6 (SD 7.79) at 1" Posterior to scar 
and between 0 and 28, average 14.4 (SD 9.73) at 1" Anterior to 
scar.
In the post operative phase the TC pO^ values just above and 
below the suture line can give an indication whether the wound
would heal or not, similarly these values by the side of an
ulcer on an ischaemic limb can indicate the healing potential 
of the ulcer.
TC pO  ^values on the stumps following amputation due to non- 
ischaemic causes - This category includes the patients who had 
to undergo amputation due to trauma, infection or deformity.
TC pO^ values for such cases are shown in table 26 on page 193. 
These readings are between 53 and 77, and are lower than the 
same site readings for the volunteers. This indicates that 
the TC pC^ values reduce in the stumps; possible explanations 
for this lowering have been described in the preceding paragraphs.
In this group there was no problem of healing since the reason 
for amputation was not ischaemic.
It can be concluded that in the case of chronic/non healing 
ulcer in the ischaemic limb, with the help of TC pO^ readings, 
the healing potential of the ulcer/wound can be determined.If the
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readings are low an amputation at a higher level can be 
performed without undue delay.
TC p0o values and oxygen inhalation
La
It is known that the requirement of oxygen increases during 
the healing stage. When enough oxygen is not available 
(required for wound healing), the wound dose not heal and a 
condition commonly known as non-healing ulcer results.
During the course of experiment it was seen that TC pO^ values, 
which represent the state of oxygenation, invariably increase 
following oxygen inhalation. During the non-healing ulcer 
phase if the available oxygen is increased by oxygen inhalation 
it is theoretically possible to enhance the healing.
This observation can be of great importance in enhancing the 
wound healing by providing the tissues with more oxygen* by a 
simple method of oxygen inhalation through the mask.
Increase in TC p0o level by oxygen inhalation depends upon the
La
percentage of oxygen in the inhaled air*, this percentage 
depends on the rate of oxygen inflow in litres per min in the 
mask. The mask used during the experiment increases the percen­
tage of oxygen as shown in table 27 below:
Oxygen flow rate 
litres per min
Oxygen concentration 
in mask
2 28%
4 40%
6 53%
8 60%
10 67%
Table 27 Showing approximate concentration of 
oxygen in mask.
This table has been provided by the manufacturers of the mask. 
During the experiment it was noticed that the rate 5 litres per 
minute or more makes the patient uncomfortable due to the
194
hissing sound and jet effect of oxygen.
The other suitable method of oxygen inhalation is by oxygen 
spectacles. For the sake of experiment this method was also 
tried on a few patients it was then observed that this method 
was not preferred by many of the patients, since it caused 
dryness in the nose which needed a humidifier and the jet 
effect of the oxygen directly in the nose became intolerable.
Experiment with oxygen inhalations - To get additional inform­
ation on increase in TC pO^ value by oxygen inhalation, the 
author conducted an experiment on a patient and a volunteer.
The electrode was placed at 4M BK Anterior and TC pO^ values 
were recorded from 15 minutes onwards at one minute intervals. 
After the readings stabilised the patient/volunteer was asked 
to inhale oxygen-enriched air through the face mask with inflow 
of oxygen at the rate of one litre per minute. Readings stabi­
lised in 10 minutes. At this stage the rate of oxygen inflow 
was increased to 2 litres per minute. In this way oxygen rate 
was increased by one litre per minute after every 10 minutes 
upto 5 litres per minute and TC pO^ readings were simultaneously 
recorded every minute.
The experiment with a patient shows that TC pO^ reading 
increases to the maximum by 3 litres per minute and 
oxygen inflow of more than 3 litres does not further 
increase the TC pO^ reading which remains at the same 
level as that with 3 litres per minute, though every time 
when the oxygen rate was increased, a slight initial 
increase in TC p02 value was noticed. These readings in 
a patient are shown in graph 28 on page 196.
The experiment with the volunteer shows a similar type of 
response. TC pOp reading shows a sharp rise when the 
oxygen inhalation is started. Every time the dose of 
oxygen is increased the TC p02 reading further rises 
and contrary to the ischaemic limbs the TC pC>2 value 
continues to rise even with 5 litres per minute. However,
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the increase in TC pO^ level is not as much as it was 
up to 3 litres per minutes. These readings arc shown in 
graph 29 on page 197. The effect of oxygen inhalation 
on TC pOr, values in various groups can he seen in tables 
1,. 2, 3, 4 and 5.
Table 28 on page 198 shows the average TC pO^ values, and the
increase, after oxygen inhalation in various groups at control, 
7" BK Posterior and 4U BK Anterior.
It is seen that the increase in TC p0o values is variable and
Cj
ranges between 25% and 59%. There does not appear to be any 
pattern in the increase in various groups. The average 
increase in TC pO^ values is more at control site (47%) than 
at sites on the limb (7" BK Poserior 41%, 4" BK Anterior 38%).
-O
Conclusion : Oxygen inhalation - It can be concluded that 
oxygen inhalation increases the TC p0o values. Maximum increaseCj
is obtained by oxygen inhalation at the rate of 3 litres per 
minute, thereafter the increase may not elevate the TC pO^ 
values.
This simple procedure of oxygen inhalation appears to have a 
promising role in enhancing the healing of the wound especially 
when circulation is precarious and it may be possible to convert 
a possible failure into a successful amputation.
Evaluation of efficiency of treatment by TC pO  ^recordings 
It is now apparent that TC pO^ values indicate the state of 
nutrition of the skin. Any form of treatment which improves 
circulation should enhance TC p02 values. The effect of 
various drugs or surgical procedures like sympathectomy, 
embolectomy or bypass surgery etc. can be evaluated numerically 
by recording TC p02 values before and after treatment, and thus 
their effect can be compared.
Vascular reconstructive procedures and TC pO  ^values - There 
are 4 patients in the study where reconstructive arterial 
surgery was done and preoperative TC p02 values were available.
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TC pOQ values l)efore and after surgery, percentage increase in 
TC pO^ values and ratio of TC pO^ at the sites on the limb and 
control (Healing index) are shown in table 29 on page 200.
It is seen that TC pO^ values always increase following arterial 
reconstruction. This increase varies from 6.1% to 129.0% and 
there does not appear to he any specific pattern of increase 
related to the sites or to the preoperative values.
Ratios of TC pO^ values at 7” BK Posterior and 4" BK Anterior 
with control (Healing index) show that the preoperative range is 
<'46 to .96. Postoperatively most of the ratios (75%) have
become greater than one, ranging between .80 to 1.25 (These 
observations are made on the readings before oxygen inhalation). 
These findings confirm that arterial- reconstruction improves 
the nutrition of the limb and can help in avoiding or at least 
postponing the amputation.
This also confirms the validity of TC pO^ values in indicating 
the nutritional state of the limb seen by the fact that patients 
clinical condition improved and no patient with the vascular 
reconstruction required amputation.
Praxilene and TC pO  ^values
Praxilene is used by many doctors to improve the nutrition of 
the ischaemic limb. It has been claimed by the manufacturers 
that it improves the metabolism in the ischaemic limb and its 
action lies at cellular level, and utilises the available 
oxygen (which is in poor supply in an ischaemic limb) in a 
better way. The mechanism of its action has been described 
in chapter VI.
TC pC^ values were recorded before praxilene was introduced in 
14 patients. These patients were put on continuous intravenous 
infusion of praxilene 200-400mg in 500ml of normal saline 
12 hourly for a period of 3-5 days or more. Following this 
post-praxilene TC pO^ values were recorded. In these patients 
readings were also recorded following oxygen inhalation. The 
readings before and after praxilene are displayed in appendix L. 
It is seen that out of 140 readings 95 have shown an increase 
while 44 have shown a decrease, in one case there is no change.
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At the control site the readings have reduced in 8 cases before 
oxygen inhalation and 7 cases after oxygen inhalation. Maximum 
increase is seen in distal anterior readings i.e. at 7" BIC 
Anterior and Posterior and at 4" BK Anterior.
Average TC pO^ readings before and after praxilene therapy 
were calculated for various sites which are shown in table 30 
on page 203 and are represented in graphic form. The graph 30 
on page 204 shows average TC pO^ readings at various sites 
before praxilene therapy and graph 31 on page 205 shows readings 
after praxilene therapy.
It is seen that the readings at the control site have reduced 
after praxilene while on other sites the readings have increased. 
The increase is maximum at 7" BK Anterior. The variation in 
TC pOg values at different sites which was 31 to 59 has reduced 
to 40 to 57 (before oxygen inhalation) showing that the readings 
have come close to each other.
It is also observed that the TC pO^ readings of between 20 and 
40 show maximum increase. The readings above 60 and below 15 
show very little change and in fact a slight reduction was seen 
in many cases when the reading was higher than 60. It has been 
mentioned in the previous paragraphs that the readings between 
20 and 40 are critical for wound healing and these are the 
values which are maximally affected by praxilene. This indi­
cates that praxilene may be helpful in healing the wound of 
amputation especially when healing is precarious.
Praxilene does not increase the TC pO^ values when they are 
high but increases the values when they are critical, indicating 
that it may have a selective nature of action in improving the 
nutrition in ischaemic limbs.
In the no-amputation group 7 patients received a course of 
praxilene, but in only 4 patients (ref 14, 21, 39 and 71) were 
the TC p02 values critically low.
Praxilene improved the TC pO^ values in these cases indicating 
improvement in nutrition, to such an extent that amputation was
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avoided (or at least postponed). It can be seen in table 31 
below:
Ref Name
7" BK
Pre
Praxilene
Post
Post
Praxilene
4" BK
Pre
Praxilene
Ant
Post
Praxilene
14 C.T. 23 33 33 41
21 E.B. 33 40 35 46
39 F.II. 5* 48** 0* 42**
71 E.T. 38 56 49 49
Tabel 31 TC pO^ values in no-amputation group,
before and after praxilene (before oxygen 
inhalation), *readings on 9th post praxilene 
day, **readings on 28th post praxilene day.
In the successful amputation group 6 patients received praxilene. 
Three patients (ref 23, 24 and 67) had low TC pO^ values (pre 
praxilene), similar to the failed Amp. group. It appears 
that the course of praxilene improved the nutrition (TC pO^ 
values) and that helped in avoiding the amputation as can be 
seen in table 32 below:
In two patients (20 & 80) prepraxilene readings are not available 
but it appears that praxilene has helped in these cases as well.
Ref Name
7" BK
Pre
Praxilene
Post
Post
Praxilene
4" BK
Pre
Praxilene
Ant
-Post
Praxilene
20 N.P. — 62 45
23 „ .V.F. 23 28. 30.5 32
24 P. J. 41 54 21 24
36 A.M. 63 65 52 57
67 R.H. 19 62 27.5 48.5
80 E.S.(R) - 42 - 32
80 E.S.(L) - 45 - 38
Table 32 TC pO^ values in successful amputation
.group before and after praxilene (before 
oxygen inhalation).
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It appears logical to conclude that praxilene improves the 
nutrition of the ischaemic limb, especially when it is pre­
carious.
In the no-amputation group, 4 patients out 15 (26.6%) avoided 
an amputation, which may well be due to improvement in 
nutrition following praxilene therapy.
In the successful-amputation group, 4 patients (5 limbs) out 
of 16 (31%) showed definite improvement (prepraxilene TC pO
£
values, however, are not available in case No 80) and avoided 
possible amputation.
Conclusion : Praxilene
It is logical to conclude that praxilene has a definite role 
in improving the nutrition in ischaemic limbs and can change 
the results from failure to success. It also has a selective 
mode of action and improves the nutrition where it is precarious 
without affecting the part already having good nutrition.
The combination of praxilene with oxygen inhalation further 
increases TC pO^ values to a higher level as compared to 
oxygen or praxilene alone. This may be beneficial in many 
cases. The author feels that it should be subjected to extensive 
trial and study.
Conclusion
From the above experiments, observations and discussions the 
following conclusions can be drawn:
(i) TC pO^ values in young healthy people are high. With 
advancing age the TC pO^ values reduce at all the sites 
including the control. As ischaemia sets in the TC pO^ 
values further reduce in the limb but not at the control 
site.
(ii) TC p02 values represent the state of nutrition of the 
skin under the electrode and indicates the viability of 
the tissues. Based on this fact, it can give advanced 
information about the healing of the wound following 
amputation. 7" BK posterior and 4" BK anterior are 
suitable sites for TC p02 recordings for this purpose.
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(iii) TC pOg values of 30-35 at 7M BK Posterior and 4n BK 
Anterior are critical. Readings above this indicate that 
the wound should heal and helow this failure is expected.
(iv) Oxygen inhalation increases TC p02 values, indicating the 
increase in oxygenation of the skin. This appears to 
have a great potential in enhancing the healing of the 
wound.
(v) Heat input readings do not correctly represent the 
nutrition/circulation of the skin and are dependent on 
many other factors. They also have no correlation with 
TC p02 readings.
(vi) The HEALING INDEX (ratio of TC p02 at the selected site 
to that at the control site) is a good way of expressing 
the degree of ischaeraia. As the ischaemia increases the 
healing index reduces. A healing index above 1.0 is 
seen in normal limbs, below 1.0 indicates ischaemia.
A healing index above .5 indicates that -wound should 
heal if amputated^,
(vii) TC p02 values can judge the results of treatment, and 
thus various forms of treatment can be compared by
TC p02 estimations, numerical records can be maintained.
(viii)Praxilene improves the TC p02 values, especially when 
they are critical, and may change the results by improving 
nutrition.
Thus it can be concluded that TC p02 is an investigation which
can be relied upon to give an accurate measure of the state of
nutrition of the skin.
208
Chapter XIV
Comparative study of various non-invasive methods used lor the
detection of circulation in a limh
Various methods to detect the circulation of the limb are 
described in Chapter (VII). Non-invasive methods in practical 
use are plethysmography, Dopper ultrasound procedures and 
thermography.
Piesthysmography
Plethysmography actually measures volume changes caused by the 
inflow of arterial blood when the venous return is obstructed. 
The validity of this procedure depends upon the assumptions 
that: (i) the venous occlusion cuff does not affect the arter­
ial inflow, (ii) the increase in venous pressure does not affect 
the arterial flow and (iii) the swelling of the limb is pro­
portional to the blood flow. It is sometimes difficult to 
satisfy these conditions.
Plethysmography gives the inflow of blood in the limb which 
does not necessarily indicate the nutrition of skin or other 
tissues, or viability of the skin following amputation.
Doppler ultrasound procedures
The uses of ultrasound procedures in peripheral vascular 
diseases are restricted to: (i) measurement of systolic pressure 
in peripheral arteries where a stethoscope cannot pick up the 
pulse and (ii) measurement of blood velocity in peripheral 
arteries. Many vascular units use the ratio of systolic 
pressures in the leg artery to that in the brachial artery,known as 
pressure index. Both these measurements i.e. pressure index 
and velocity of blood represent the flow of blood in the main 
arteries but do not give any direct evidence of nutrition of 
the skin and tissues which actually depends on the microcircula­
tion. In cases where the pathology lies in the microvascular 
system, the doppler pressure index and velocity measurements 
may give false information about the nutrition.
209
Thermography
The temperature of the skin is dependent upon its circulation. 
Thermography is a measure of the temperature of the skin, which 
may he represented as a grey scale on T.V. screen or converted in 
to a range of colours on a coloured T.V. Different shades of 
grey or different colours represent different temperatures.
This can he recarded on a photographic plate which is known 
as thermograph or thermogram.
In the thermogram of an ischaemic limh the proximal areas are 
seen to he of the warmer colours and distally they change to 
the colder one, the exact colours depending on the temperature 
of the skin. Black and white photographs of the thermograms 
are shown in figures 10 and 11.
The temperature variations on the ischaemic limh can he noticed 
on clinical examination, and it can he said that the thermo­
gram is an accurate way of measuring skin temperature which 
can he recorded for future guidance.
It appears possible to predict the viability of the skin by its 
temperature; therefore it may he possible to determine the 
site of amputation which should heal primarily. The main dis­
advantage in this procedure is that it is based on the measure­
ment of skin temperature, which does not always represent the 
true circulation.
The skin temperature is dependent upon many factors, mainly:
(i) atmospheric temperature,having direct affect on skin temp­
erature, (ii) humidity, perspiration and rate of evaporation of 
sweat, (iii) pressure of surrounding air, (iv) exchange of 
radiant heat with the environment, and (v) rate of blood flow 
through the distal and subjaseent tissues (Greenfield 1965).
To get a reliable picture, thermography is done in controlled 
environmental conditions, in a room where temperature, humid­
ity and air circulation can he regulated. This ideal condition 
is not always easy to obtain.
There are few other factors which affect the skin temperature
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LATERAL
Cold area
Fig. 10. Thermograph of ischaemic limb (below knee anterior view)
showing anteromedial warm area and anterolateral cold area
NEDIAL
LATERAL
Warm area
Cold area
Fig. 11. Thermograph of ischaemic limb (below knee posterior view) 
showing posterolateral warm area and posteromedial cold 
area.
MEDIAL
Warm area
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and hence thermography. They are shock, anaemia, pyrexia or 
even mental state of apprehension or fear which may cause 
vasoconstriction. These factors may be beyond control but are 
equally important factors and affect the thermogram to a great 
extent. For these reasons the decision to amputate and the 
level of amputation cannot be inferred from thermography.
Possibly due to these reasons thermography was dropped as a 
routine investigation 011 ischaemic limbs, until recently when 
Dewar and his team recognised the fact that though the tempera­
ture of the skin varies due to the effect of these factors, 
the general pattern of temperature distribution is not altered.
When the level of amputation is decided the thermogram can 
indicate warmer areas which can be helpful in planning the 
flaps of skin during amputation (Dewar 1981). It was observed 
that in an ischaemic limb the antero-medial and posterolateral 
areas show relatively higher temperature as seen in the figures 
10 and 11 011 page 211.
These findings correlate with the equal anteriomedial and post- 
eriolater flaps (SKEW FLAPS) designed by Robinson for below 
knee amputation in ischaemic limbs instead of conventional long 
posterior flaps. In the hands of the same surgical team, the 
success rate of amputation in ischaemic limbs by this technique, 
was found to be better than the long posterior flap technique . 
Mean interval from surgery to the fitting of a patellar tendon 
bearing prosthesis was 28 days in the skew flap amputation as 
compared to 59 days in long posterior flap amputation (Robinson 
1982).
Conclusion
It can be concluded that plethysmography and ultrasonic procedure 
procedures, though giving an idea of circulation to the limb, 
do not give a precise indication of the nutritional state of 
the skin, and cannot be used to predict the viability of the 
skin following amputation. These procedures, however, can be
212
used as an adjunct to the clinical judgement of circulation to 
the limh.
Thermography has many limitations and has no or very little 
role in detecting the nutritional state and viability of the 
skin and cannot be used as a tool for deciding the amputation 
or level of amputation. However, based on the temperature 
distribution pattern on the ischaemic limb it has a promising 
role in designing the flaps in individual cases.
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Chapter XV
Additional experiments and observations
To solve the queries which came up during the project certain 
other experiments were carried out. These experiments, however, 
were not developed further.
TC pO  ^recordings on the patients where Above Knee or Through 
Knee amputation was performed
Seven patients were admitted with severely ischaemic limbs.
The ischaemia was so severe that they (patients) were treated 
by through-knee (TK) or above knee amputation (AK) without 
attempting BK amputation. The TC p02 measurement on these 
patients are shown in table 33 on page 215.
Three patients (ref 7, 17 and 38) had a TK amputation, but only 
in one case (ref 38) the wound healed satisfactorily. In the 
other two cases a second amputation at a higher level was per­
formed, above the knee.
In 2 patients (ref 7 and 28) the wound did not heal in spite of
higher amputations and they ultimately died.
One patient (ref 18) had a high AK amputation and the wound 
healed very slowly.
In another 2 patients (ref 19 and 77) AK amputation was per­
formed and healing was satisfactory.
Though the level for the amputation was mainly decided on clini­
cal features but in at least 3 patients (ref 19, 38 and 77) 
the TC p02 values were taken into account by the surgical team 
as an index of nutrition, in deciding the level of amputation.
TC pOp readings on multiple sites on the same limb
In one patient (ref 18) to see the gradient of TC p02 value
the experiment was repeated at various sites above the knee.
TC p02 recordings were done at 4", 5", 6" and 7" AK anteriorly
at the 6” and 7n AK posteriorly. TC p02 readings at proximal 
sites was found to be higher than distal and posterior readings 
were higher than anterior ones.
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Similarly in one patients (ref 36) the TC pO^ values were 
recorded 4", 7", 10" BK anteriorly as well as at the level of 
ankle anteriorly and on the dorsum of the foot. A definite 
gradient was noticed in TC p02 values, which was higher proxi­
mal ly and lower distally.
In another patient (ref 13) readings were recorded 4", 5", 6" 
and 7" BK anteriorly and 4" and 7” posteriorly.
The findings were consistent with the findings in 2 previous 
patients.
TC P02 recording on miscellaneous sites
The TC pC>2 values were recorded at various other sites, not 
already mentioned, like dorsum of foot, especially in cases 
where the ischaemia was localised to the foot only.
TC pO^ was also recorded by the side of the knee joint medially 
and laterally in the patients who were expected to go for 
through knee amputation.
TC pOg values were also recorded by the side of chronic/ 
ischaemic ulcers to find out the nutritional state of the 
tissues at that site and then a correlation was made with the 
healing of such ulcers and TC pO^ values.
It was noticed that in all those cases where TC p0o value was 
above critical level (35) improvement was seen.
Correlation of TC pO  ^value with PaO^
Though it is a known fact that TC pO^ values are correlated 
with Pa0o values (Gothgen 1977), as a matter of interest
Cj
TC pC^ values were recorded at the control site in an amputee 
patient, (ref 43), who had a cardiac arrest and was trans­
ferred to I.T.U. (intensive therapy unit), and his PaO levels 
were also investigated. TC pO^ value was recorded at the same 
time when arterial blood was withdrawn and readings were as 
following:
Pa02 =8.01 kPa = 60 mm Hg 
TC p02 = 6.92 kPa = 52 mm Hg 
Ratio of TC p02 with Pa02 is .86.
This ratio is of the same order as described by Gothgen (.8)
216
(Gothgen 1978). In this case the instrument was set by the 
author and readings were recorded by the nurse in the ward.
Oxygen inhalation in postoperative period
At the request of the author 8 patients were put on oxygen 
therapy by the surgical team during the postoperative period. 
The results of oxygen therapy are shown in the following 
table. (Table 34.)
Ref Name Amputation Results
18 D.G. High AIC Amp. Sloiv healing
28 L.L. AK Amp. Higher amputations - Died
32 A.S. No Amp. Wound on foot improved
35 C.II. No Amp. Ulcer on toes improved
36 A.M. BK Amp. Healed
37 A.II. TK Amp. 
(Retrim)
Healed
63 A . L. TK Amp. Healed
65 II. W. BK Amp. Healed
Table 34 Showing results of oxygen therapy
It can be seen that results are favourable in all the cases 
except in one (ref 28). It is not possible to draw any concl­
usion from such a small number, it requires extensive study 
and is beyond the scope of this project.
Unusual findings
One patient (ref 37) who was a BK amputee was admitted with 
ischaemic signs in the stump. TC p02 readings were recorded 
on either side of the knee which were 64 on medial side and 
54 on lateral side (at the sites which lie on the incision 
line in TK amputation). According to TC p02 values it was 
predicted that TK amputation would heal. Suture line did heal 
satisfactorily but the necrosis of the skin on either side of 
the suture line took place. Healing of the suture line confirms 
the validity of the TC p02 in predicting wound healing. The 
necrosis of the skin over the condyler prominences on either
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side was due to ischaeraia caused by the pressure of bone 
from inside.
There was one patient (ref 45) who had shown very low TC pO^ 
readings at all the sites including control (which was 34). 
lie was to be operated upon the next day and hence the readings 
were done in a great hurry. Though clinically the leg appeared 
to be fairly vascular the TC pO^ values suggested failure, but 
in fact the wound healed satisfactorily following BK amputation. 
Since the control reading was also very low, the author feels 
that the recordings were faulty and probably proper calibration 
was not carried out before starting the experiment.
In 2 patients (ref 33 and 34) following vascular reconstruction 
it was noticed that the TC pOg level following oxygen inhala­
tion at 4" BK Ant. went very high, 146 from 71 and 145 from 7 6 
respectively.
It can be explained that following vascular reconstruction a 
hyperaemia develops in ischaemic sites which may persist for 
a few weeks.
In 2 BK stumps (ref 60 and 79) the TC pO^ reading, at 4" BK 
Ant and 7" BK Post, rose markedly following oxygen inhalation
•O
both were non-ischaemic stumps.
In 2 patients (ref 19 and 41) who had AK amputation, the TC pC^ 
values at control site went very high with oxygen inhalation 
from 58 to 140 and 60 to 144 respectively.
This phenomenon is recorded by other workers as well.
TC p0o readings recorded only up to the first 16 months are 
included in the analysis. The recordings carried out 
after this date confirm the findings of the analysis.
Simplified experimental technique
There was a need to simplify the experimental procedure so 
that it could be done by a technician or nursing staff in 
ward conditions.
After various modifications and trials the author simplified
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the experimental procedure.
The following is the simplified technique:
TC pOg electrode is prepared and calibrated. It is then 
fixed to the site of pO^ recording (4" BK Anterior and 
7" BK Posterior are the most suitable sites; 4" BK Anter­
ior is found to be more convenient and hence selected 
for the recording). After fixing the electrode to the 
skin, the investigator is free for 25 minutes and during 
this period he can carry out any other work. After a 
period of 25 minutes the TC pO^ reading is recorded.
This is the TC pO^ value before 0^ inhalation. Patient 
is then given oxygen inhalation at the rate of 4 litres 
per minute using the face mask. After a gap of 10 minutes 
the TC p02 reading is further recorded. This is the 
TC p02 value after oxygen inhalation. This completes 
one recording. It is advocated to record the control 
reading on every patient as far as possible. In this 
way the reading can be recorded by any member of the 
staff working in the ward.
Total time spent with one patient for two recordings in this 
way should not be more than 30 minutes. Time required for 
preparation and calibration of electrode is approximately 15 
to 20 minutes which is required once in 5 days.
The author carried out the recordings the way mentioned above, 
and did not find any difficulty, rather he found it to be quite 
practicable.
The technique has now been handed over to the surgical team 
and Limb Surgery Unit of Queen Mary’s Hospital, Roehampton, 
London for practical and every day use as a routine investiga­
tion on ischaemic limbSo Proposed investigation form for ward 
use is displayed in appendix M.
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Chapter XVI
CONCLUSION
Review of the pro.ject
While planning an amputation it is important to preserve 
maximum length consistant with primary healing and also con- 
sistant with proper prosthetic fitting, therefore offering 
the best opportunity for good and early rehabilitation pros­
pects. This in effect means amputation below the knee when­
ever possible and it is at this level that the healing potential 
is very critical, especially in cases of peripheral vascular 
disease.
The primary decision for amputation and level of amputation 
is made by clinical examination helped by other investigations. 
These investigations are: (i) X-ray examination - which gives 
the information about the vessels and the occlusion due to 
calcification, (ii) Angiography - which visualises the blood 
vessels and the occlusion and helps in estimation of blood 
flow, (iii) Plethysmography - by observing the changes in the 
volume of the limb due to inflow of blood, (iv) Doppler ultra­
sonic procedures - which give the information about blood 
velocity and pressure in the peripheral arteries and (v) Thermo­
graphy - which give the skin surface temperature as a possible 
indicator of blood flow.
X-ray examination, angiography, plethysmography and Doppler 
ultrasonic procedures do give some idea of circulation in the 
main vessels and the limb as a whole but do not give much 
information about the nutritional state of the skin. Thermo­
graphy also does not give an accurate information about the 
circulation of the skin since the temperature of the skin 
depends upon various factors, other than circulation. It also 
requires a controlled atmosphere . The equipment is 
very expensive and may be beyond the means of an average 
general hospital.
These methods give some information of circulation of the limb
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as a whole, hut do not give precise information about the 
circulation or nutritional state of the skin, which is most 
important for the healing of the amputation wound.
The project was an attempt to infer the nutritional state of 
the skin by detecting the partial pressure of oxygen measured 
transcutaneously (TC pO^) in an ischaemic limb, an area where 
there does not appear to be adequate research in literature 
related to this.
TC pOg measurement is based on the principle that oxygen under 
special circumstances diffuses from the skin in proportion to 
its concentration in the tissues and thus measurement of TC pOg 
gives a fairly accurate picture of oxygenation/nutrition of the 
skin.
TC pOg measurements were done on ischaemic limbs, and the 
result of treatment/amputation was correlated retrospectively 
with the TC pOg values. TC pO^ readings were not taken into 
account in deciding the line of treatment by the surgical team. 
TC pC^ recordings were also done on elderly volunteers as well
as on young volunteers to establish the normal values.
Effects of oxygen inhalation, and surgical reconstruction and 
effect of naftidrofuryl (praxilene) on TC pO^ values in 
ischaemic limbs were examined.
TC pC^ values were recorded on the stumps during postoperative 
period and also on mature stumps. These values were correlated 
with the preoperative TC p02 values where available.
As a matter of additional experiment the TC p02 values were
recorded on various other sites of interest.
A thorough study was carried out to establish the role of 
heat input values (to maintain the temperature of electrode 
at constant level) in reflecting the circulatory/nutritional 
state, and it was found that heat input values were not suit­
able for estimation of nutrition of the skin.
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Results
After analysis of the data it was found that TC pO^ values 
reflect the state of nutrition quite accurately. TC pO^ values 
reduce as age advances and these values further reduce as 
ischaemia sets in. TC pO^ values at 7" BK Posterior and 4" BK 
Anterior were found to he suitable in indicating the state 
of nutrition and one of these sites i.e. 4n BK Anterior was 
found to he most suitable and practical for routine measurement 
of TC pOg values in the ward conditions.
The average TC pO^ reading at 4" BK Anterior in young volunteers 
was 92 (SD 8.5), in elderly volunteers 79 (SD 8), in patients 
who did not require amputation 56.5 (SD ll), in successful 
amputation 46.5 (SD 13.5} and in patients where amputation 
failed it was 28 (SD 7).
Ratio of TC p09 value on the limb with TC p02 value at control 
site is a good indicator of nutrition. This ratio has been 
termed as "HEALING INDEX". This ratio above one indicates 
normal circulation and below one indicates ischaemia.
Oxygen inhalation invariably increases TC pO^ values and may 
have a promising role in healing of the ischaemic wounds. This 
requires an extensive study.
Praxilene improves the TC pC>2 values, especially when they are 
critical for wound healing and the combination of oxygen inhala­
tion with praxilene therapy increases the TC p0o values to a 
further higher level.
Increase in the TC pC>2 reading by praxilene when it is at a 
critical level and no or very little increase when TC p02 
reading is high or very low indicates that the role of 
praxilene is selective in increasing the nutrition when it is 
critical.
It can be said with some certainty that measurement of TC p02 
is a logical and simple investigation in indicating the healing 
potential at the site of amputation in the ischaemic limb and
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can be used for selecting the site of amputation especially 
when it is difficult to make the judgement by clinical means.
The experiment has been simplified, and has been handed over 
to the Limb Surgery Unit and the surgical team of Queen Mary’s 
Hospital, and estimations of TC pC>2 values are being carried 
out routinely on the ischaemic limbs as an adjunct to the 
clinical examination, especially in deciding about the amputation 
and level of amputation.
Future work
In the opinion of the author this investigation should be 
carried out in more and more hospitals and in due course should 
be established as a routine investigation in ischaemic limbs 
to help surgeons in selecting the level of amputation.
The instrument (monitor) at present has only one electrode 
and it takes about 35 - 40 minutes for one recording. An 
instrument with multiple site recording system should be 
developed to give readings at various sites simultaneously; or 
one monitor should have multiple electrodes, which remain 
connected with heat input circuit, the TC pO^ values of various 
sites where the electrodes are fixed can be recorded when a 
switch brings them into the main pO^ circuit, one by one.
The calibration system should also be simplified or made 
automatic.
Apart from TC pOg measurements, an instrument with additional 
facilities of TC pCO^ (partial pressure of carbon dioxide) and pH 
measurements will be of great advantage to understand various 
other aspects- of cellular metabolism.
It may be possible, one day, to record the TC p09 values by
Cd
photography, somewhat similar to thermography.
Other applications
This procedure is already in use in premature babies and infants 
to monitor paO^ values, especially in respiratory conditions.
In the same way this can be used for continuous monitoring of
223
blood oxygen in adults with head injuries, respiratory failure, 
coma or any other conditions that require estimation of blood 
gases.
This can also be utilised in deciding the healing potential 
of an ischaemic ulcer or wound by recording TC pO^ levels by 
the side of the ulcer/wound. In case readings are not eonsis- 
tant with healing, surgical procedure can be considered early 
enough without waiting too long. It can also be used in judging 
the viability of flaps in the plastic surgical procedures.
The TC p02 estimation is a simple non-invasive technique to 
decide the level and site of amputation with minimal or no 
failure since it indicates the healing potential of the wound 
following amputation.
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Simplified circuit diagram of TCM1 oxygen monitor showing measuring 
channels and their interconnections with TC p0o Electrode.
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S/No.
Name
Date of Admission 
Previous Surgery
Date
Sex
Hospital No. 
Date of Birth 
Ward 
Smoking
Present Complaints Alcohol
Past Medical History Medications
Angiography 
PC>2 recordings
(i)
(ii)
(iii)
Civ).
(v)
Date Time
Amputation
Technique
Date
Histopathological
Results
Age
diagnosis
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